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SYNOPSIS 

LASER nritJCSD ELUORBSGERGE ARD ENERGY TR4RSEER IN CERTAIN 
RARE EARTH IONS LOPED IN LaP, SINGLE CRYSTALS 

B. Rami Reddy 
Department of Physics 
Indian Institute of Technology jEanpur 

India 

The study of rare earth (RE) crystal 

I 

spectra has been the subject of interest for a. long time* 
Some of the RE ions doped in solid hosts are forming 
potential laser materials (e.g. SHIVA : Nd-glass laser). 
Global search has been going on for high efficient laser 
materials, A basic understanding of the energy levels of 
RE ions, their crystal spectra, deexcitation mechanisms 
and interaction of these ions with their neighbourhood 
(RE ions of similar/dissimilar kind and host lattice) is 
not only of academic interest but also useful in applied 
research. It is well known that energy transfer increases 
the population of certain energy levels and may even result 
in lasing action in certain crystalline and glass materials 
The Importance of energy up- conversion in photosynthesis 
has been realised recently. In the present thesis an 
attempt has been made to have a better understanding of the 
deexcitation and ion-ion interaction mechanisms of some of 
the singly /doubly doped RE ions, Pr^^, Nd^'*’, and Ho^"** 

in LaE^ single crystals. With the advent of intense narrow 
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band lasers the understanding of weak ion-ion interactions 
has become feasible. 

The first Chapter of the thesis deals 
with the general principles of EB crystal spectra, and 
the various relaxation and energy transfer processes that 
take place in such systems. 

Experimental details are presented in the second 
Chapter* Eluorescence and excitation spectra have been 
recorded using G¥ Ar'*’ and (pulsed) pumped dye lasers.. 

A 0.75 m Jarrell-Ash spectrograph fitted with EW 150 
photomultiplier, and pi coammeter and strip chart recorder 
combination is used in recording the spectra. Decay times 
have been measured using a calibrated oscilloscope. 

The results of the optical excitation and 
fluorescence spectra of LaE^iPr"'^ are discussed in the 
third Chapter. Vast data is presented which was not reported 
earlier. At liquid nitrogen temperature six fluorescence 
groups, ^Pq ^ g.; 4 . have been observed. 

[Weak fluorescence arising from ^P^ levels is observed 

on excitation with GW Ar"^ laser]. All the proposed sites 
^ 2 v^ Gg and C^ have been tried to explain the salient 
features of the ^Pq fluorescence. Though the three 
different site symmetries are able to explain a major part 
of the spectra, it is observed that only C site, symmetry 

o , . 



XX 


has been able to account for all the observed polarized 
transitions. At room temperature strong fluorescence 
has been observed from levels to ^^5 > 

and weak fluorescence to levels. Some fluore- 

scence transitions in the regions 5784-5824 3 l and 
6625“6912 S. have been observed only at room temperature 
whatever mi^t be the excitation source. This suggests 
that there is a fast relaxation at liquid nitrogen 
temperature from "^P^C Ig) levels to "^Pq level. A± room 

temperature thermal population of ^P^( Ig) levels from 

3 ' 

Pq level is also appreciable. Resonance fluorescence 

has been observed from levels to%l ^ and 

^ 4>5,o 2 

levels. The intensity of the fluorescence groups obey 
Ofelt's theory. 

The fourth Chapter discusses the energy 
transfer processes that have been observed in singly /doubly 
doped EE ions in LaP^, The radiative transition at 4791.5 S. 
in laP^iPr^"^ ( I- percent) is found to be self-absorbed 
in the crystal medium itself -(Radiative energy transfer). 
Oscillator strength of this transition is estimated to be 
1,4 X 10” which is in good agreement with the absorption 
value measxired by Erupke. 

When ^P groups of levels are excited, 

no fluorescence emission is observed from ^^2 

laP-iPr^"^. Under the same excitation conditions we have 
3 
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observed ^^2 emission in LaPj:Nd^'^, Pr^"*" and LaP^:I^^^, 

but not in LaP^;Ho^'^, Pr^'*'. On the basis of excitation 

spectra and decay time measurements, it has been concluded 

that the ^^2 emission was possible by ion-pair relaxation. 

In this process the Pr^"^ ion relaxes from ^Pq to ^©2 

levels non-radiatively , simultaneously exciting the nearby 

Nd or ion from the ground levels to higher excited 

levels. The efficiency of energy transfer in LaP^:M^'*', 

Pr"^ is estimated to be 36 percent. It has been found 

from the energy level positions, that 3-4 phonons are r . 

■5+ 

needed'f or -'i ion-pair relaxation to take place in LaP^iHo , 
' 5 + 

Pr-^ . If this process were to be operative this would be 
weaker by few orders of magnitude than resoi^ant process. 

It has been suggested that the lack of resonance between the 

energy levels of these ions is a possibility for the 

1 ' 5 + 3 + 

absence of emission in LaP^zHo , Pr-^. . 

^ 3 

The fifth Chapter deals with the energy up- 
conversion processes that have been observed in LaP^:jffd^'**. 
When the D levels are resonantly excited fluorescence 
is observed from R, S and D levels and energy up-converted 
fluorescence from E, K and L levels. We have found that the 
R levels are populated by ion-pair relaxation of the type, 
D(1) + Z(2) — > R(l) + W(2) (1 and 2 represent ions). It 

has been concluded, from decay time measurements, that the 
S levels (whose fluorescence was observed only at room 


xxii 


temperature) were populated thermally from R levels. 

Two processes 5 a sequential two photon excitation (STEP) 
and an energy transfer up- conversion (ETU) have been 
suggested for the population of E levels. 

Delay and decay times have been measured 

of the induced L fluorescence for different concentrations 
34 - 

of hd in LaF^. The delay time has been found to decrease 
with increasing concentration of Nd^"*" whereas the magnitude 
of the decay time is of the same order of magnitude as 
if measured intrinsically (on resonant excitation). The 
observed delayed nature of L fluorescence suggested ion- 
pair relaxation. From the energy level matchings it has 
been suggested that two ions one in R level and the other 
in D level undergo energy transfer interaction (ETU) 
leaving one ion in the L level and the other ion in., the 
Z level. A rate equation model has beon developed which 
could explain the dolayod emission from L levels. 



CHAPTER 1 


IHTRODUGTIOH 

1.1 Greneral 

LASER has proved to be one of the most 
powerful sources of energy and has applications in various 
fields of science and engineering. Solid state lasers 
like Nd-glass, Ruby and others have come to exist as 
powerful tools for basic and applied research. Some of the 
rare earth (RE) ions are known to lase in different hosts. 
Therefore a thorough understanding of the energy levels 
of the rare earth ions, their decay mechanisms along with 
their interactions with the surrounding medium is not only 
of academic interest but also of practical use, A good 
amount of work has been going on in various schools of 
research in this direction and the present work is taken 
to understand specifically various features and phenomena 
associated with Pr^'*’, Hd^'*’, and Ho^'*’ in laP^. 

Based on x-ray analyses differen-h crystal 

structures [l]., (^2v^» ^d ^^2^' ^6h ^Sv ^°s^ 

have been suggested. The symbols in the parenthesis represent 
the site symmetry of La^"^ ion. In such a case spectroscopic 
study of isoTalent impurity rare earth ions will be helpful. 

So in the present study we have made an attempt to study 
the energy levels of Pr^'*’ in LaF^ in detail. The site 
symmetry of Pr^"^ in laF^ has been fixed (Cg) on the basis 
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of observed polarized spectra. So a brief description 
of EB ions and the effect of lattice on these ions and 
the characteristics of radiative processes in crystals 
(polarization) are discussed briefly in the first few 
pages of this Chapter. We have also made an attempt 
to study the relaxation processes of some of the energy 

■5+ 

levels of Pr-^ ion and their interactions with the co~ 
dopant, Hd^’*', or Ho^'*' ions in LaP^. We have also 

observed blue fluorescence in IaI'^:Nd^''’ on excitation 
with yellow laser line. The energy transfer and energy 
upconversion phenomena have therefore, been discussed in 
greater detail in the later pages of this Chapter. 

Rare earth ions form a group of elements, 
which have in common a partially filled 4f~shell. They 
form mostly trivalent compounds and it is principally 
the properties of the trivalent ions which are important 
rather than those of neutral atoms. All trivalent ions 
have the Xe like rare gas she2J. of fifty four electrons 
in common and contain, in addition 4f^ electrons, with 
n ranging from 0 (La^"^) to I 4 (Lu^’*'). Considerable 
work [2J has been done on the crystal spectra of rare 
earths, particularly of the “lanthanides. In triply 
ionized lanthanides, the f-electrons are active which are 
well shielded from the outside influence by 5s ‘^ 5p electrons. 
Hence the interaction of the environment with 4f electrons 
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is weak and the ion retains its 'free-ion' properties 
even in solid hosts. The observed fluorescence lines of 
these ions are due to transitions among the levels of 
4f^ configurations. These are forbidden transitions in 
a free ion but become allowed in crystal field due to 
admixing of states with opposite parity. This results 
in large lifetimes of the energy levels and consequently 
sharp spectral lines are observed. For a given ion while 
the structure of these groups of lines changes from host 
to host, the relative positions of their centres of gravity 
are very nearly the same. 

1. 2 Ion~lattice interaction 

The Hamiltonian [ 3 ] of an ion embedded in 
a crystal lattice is given by 

H = Hj, + (1) 

where Hp is the free ion Hamiltonian and represents 
the interaction of the ion with the crystalline environment. 
The free ion Hamiltonian is expressed as 


H. 


n 

i=l 


2m ''i 



n 

/I...- 

i < J 



+ 



(2) 
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In the zero order approximation the f-electrons 
are considered to be in a central field produced by the 
nucleus and the fifty four core electrons. In this 
approximation all states arising out of a given configura- 
tion have the same energy. Hie degeneracy is partly removed 
with the inclusion of interelectronic repulsion and spin- 
orbit interaction* For a free ion spherical symmeti^- 
exists, and each level is (2J + l) fold degenerate. On 
placing the ion in a crystal, the spherical symmetry is 
destroyed and each level splits under the influence of the 
electric field produced by the environment. Usually, the 
environment about the rare earth ion will possess a well 
defined symmetry (lower than spherical). The degree 
to which this degeneracy is removed will depend on the site 
symmetry of the rare earth ion. For odd electron systems 
there is a two-fold degeneracy (called Kramers degeneracy) 
in the energy states which cannot be removed by any electric 
fields. This degeneracy is removed only by the application 
of the magnetic field. The effect of V is treated as 
perturbation on the eigenvalues and eigenfunctions of 
The eigenfunctions of Hp are spherically symmetric. 

Hence V is expanded [3] interms of spherical harmonics 
or operators that transform like spherical harmonics. 

C ■ 

(]r) 

is expanded in terms of tensor operators to give 

= ZZ (ol^^), . The values of E and q are 

® k,q,i ‘I ^ ^ 
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limited by the point symmetry of the rare earth ion site, 
since the Hamiltonian must be invariant under the operations 
of the point symmet 2 ry group. 

Crystals doped with rare earth ions emit 
fluorescence when they are excited into one of their excited 
states. This emission is due to transitions between energy 
levels of the same configuration. Selection rules don'-t 
permit E, D. transitions between the levels of the same 
configuration. But experimentally E. D, transitions are observed. 
These transitions are called Laporte-f orbidden transitions 
because they donot obey the laporte-rule. The transitions 
that are generally encountered in RE ion doped crystals are 
described below. 

1.3 Lanorte-f orbidden transitions [41 

The spectral lines arising from the transitions 
between levels belonging to the same electronic configuration 
can be classified as follows: 

1 . Electric dipole transitions in a crystalline field 

having no centre of symmetry 

Since the observed spectral lines are due to 
transitions between levels of the same electronic configuration, 
electric dipole transitions are not possible between 
these levels. But the crystal field mixes the levels- of 
• opposite parity at the non- centre symmetric sites. For example 
4f^ levels contain small admixture of 4f^'”^ 5d levels. 

When such a mixing occurs electric dipole transitions are 
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allowed. The oscillator strengths of the forced electric 
dipole transitions are of the ctf. IjOT^',, ' ... 

2 • Electric dipole transitions in a crystalline field 
having a centre of symmetry (vihrationallv induced) 

If a rare earth ion is at the centre of 
inversion, the ciystal field can no longer mix the states 
of opposite parity. But mixing of states of different 
parities is also produced by lattice vibrations of odd 
symmetiy that are coupled to the ionic system. As a 
consequence of this mixing certain vibrationally induced 
electric dipole transitions are allowed. The f-numbers 
of such transitions are temperature dependent. 

3 » Magnetic dinole transitions 

These transitions are allowed between states 
for which Ai 1 = 0, .uS = 0 and AJ = 0, +1. The oscillat.:6r 
strengths are of the order of 10” . 

Vibrationally induced magnetic dipole 
transitions and electric quadrupole transitions are in- 
significant in rare earth* crystals and so are not considered 
in detail. 

Most of the observed radiative transitions 
in crystals are polarized. In some crystals even unpolarized 
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transitions are also observed. The polarization of the 
radiation depends upon the site symmetry of the ion in 
the crystal. Whether polarized transitions are observed 
in every crystal host or not is another question and is 
discussed in the later sections. 

1. 4 Polarization in crystRls [~‘o] 

The vector surface for the velocity of 
light in any cubic crystal is a sphere. For any noncubic 
crystal it is not. Cubic crystals are optically isotropic. 

That is the vector surface of light is a sphere at any 
instant. All other crystals are anisotropic. In trigonal, 
tetragonal and hexagonal crystals the light travelling in 
a given direction is broken up into two rays, polarized at 
right angles to each other, travelling at different velocities. 
There are thus two vector surfaces. One is spherical, like 
the sxirface in ordinary glass, air and somewhat-less- 
ordinary cubic ciystals, and is the ray-velocity surface 
of the ordinary ray. The other is an ellipsoid of revolution 
and is the ray velocity surface of the extraordinary ray. 

The spherical, ordinary ray-velocity surface coincides with 
the extraordinary ray-velocity surface at two points only. 

They are the ends of the axis of revolution of the ellipsoid, 
so that a cross section of the ordinaiy ray-velo city surface 
and the extraordinary ray-velocity surfaces look like Pig, la 
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according to whetiier the crystal is optically positive 
or negative (positive and negative are arhitrary). 

1 . 

(a) 1 i , I 

positive \ j ; j j 

\ U i J 

'-f- 

Pig. 1.1 Optically positive and negative crystals 

If the extraordinary ray is the slow ray, 
relative to the ordinary ray, then the ellipsoid will lie 
inside the sphere and the crystal will be said to be optically 
positive. If the extraordinary ray is the fast ray relative 
to the ordinary ray, then the ellipsoid will lie outside 
of the sphere, and the crystal will be said to be optically 
negative, light travelling along the axis of revolution 
of the ellipsoid will have a single velocity. This direction 
is Called the optic axis. Only along this direction does 
li^t pass throu^ a crystal as though it were passing 
through an isotropic medium (of course 'exceptions will be there). 
In every other direction light is broken up into two rays, 
both polarized, which travel with different velocities. The 
difference in velocity increases from zero along the optic 
axis to a maximum for propagation normal to the optic 
axis. 

In general, the vibration direction of the 
polarized extraordinary ray is the plane defined by the 


(b) 


rV 


negative '.f , 


i ) J 
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propagation direction (ray direction) and the optic axis. 

That of the ordinary ray is normal to this and normal to 
the propagation direction of the ray. Since these ray 
velocity figures have one optic axis, the tetragonal, trigonal 
and hexagonal crystals are said to be optically uniaxial. 

The optic axis ■will by symmetry, coincide -with the c-axis 
in this case (4,3 or 6 - fold respectively). The ortho- 
rhombic, monoclinic and triclinic crystals which have ray- 
velocity surfaces -with two optic axes are said to be optically 
biaxial. 

1. 5 Relaxation 

When an ion is excited it may come down to 
the lo-wer level radiatively or non-radiatively. The relaxation 
of excited energy, r levels depends significantly on the immediate 
surroundings of the excited RE ions because, when the rare 
earth ions are placed in a crystal lattice they are subjected 
to a n'umber of forces which are absent in the free ion. 

There can be resonant interactions among ions of the same or 
different kinds. There can be coupling between rare earth 
ions tt3-d host lattice so that the ions can transfer some or 
all of their energy to the crystal lattice vibrations. 
Therefore, ions in excited states, can relax radiatively 
as well as non-radiatively. The observed lifetimes of the 
excited states are the inverse of the sum of the probabilities 
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for all possible transitions (radiative and non- radiative) 
to all lower levels. That is, 



r , -r— 

1 " '3 


w. 


nr 


ID 


( 3 ) 


where w^. (wif^) is the probability of radiative (non- 
radiative) transition from level i to j. The radiative 
relaxation of the lanthanide ions is mostly due to forced 
electric dipole transitions which become allowed because 
of configurational mixing. Magnetic dipole transitions 
are also encountered in radiative relaxation. The 
radiative [6] lifetime is obtained by calculating the 
total spontaneous emission probability or from combined 
measurements of the relative and absolute intensities in 
absorption and fluorescence spectra. Judd and Ofelt [7 ] 
have shown that the probabilities for an electric dipole 
transition can be expressed in terms of parameters which 
involve the strength of configuration interaction, HaEL-»radiLar« 
tive decay by phonon/multiphonon process is related to the 
energy gap between the excited level and the next lower 
level. The multiphonon relaxation is found to depend 
exponentially on the energy gap. Miyakawa and Dexter [8 J 
found a relation between multiphonon relaxation rate and 
the energy gap (<d>E) between the levels as 
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constant, n is the number of phonons excited at the 
temperature of the system, -Sw is the phonon energy which 


contributes significantly and IT is the number of phonons 
emitted in the process, namely, IT = — . Multiphonon 

transition rate for several excited states of Br^'*’ in laB^ 
host has been studied by Weber [ 9 ]. Eiseberg and Moos [lO] 
studied the multiphonon decay of the E ( ^5/2^ level of 
LaBr^:!^^'^ as a function of t^perature. Their data were 
fitted by a theoretical model involving the stimiilated 
emission of phonons by thermally populated phonon-modes. 
G-erman and Kiel [ll] have studied radiative and non- radiative 
transitions in LaOl-iPr^"^ and PrCl„. A more refined model 
of the relaxation processes in the ^P states is described 


which qualitatively explains the- exceptionally large relaxation 
rates of the ^2 state and the much slower P^ decay rate. 
According to this model ^P^ first relaxes to Ig which in 
turn relaxes to phonon close to the cut off [8} 

frequency is found to play a dominant role in the relaxation 
process, and Is supported by the observations of •Poing et al. [12]. 
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So far we have considered only the effect of 
lattice on the relaxation of excited energy levels. But the 
presence of other impurity ions , similar /dissimilar to the 
fluorescing ions in their vicinity affects the relaxation 
of these levels. This effect of other impurity ions on 
the relaxation of fluorescing ions is discussed separat^y 
in the later sections. 

1. 6 Energy transfer 

The processes such as sensitization, quenching 
of fluorescence and energy transfer up~tconveiBion depend signi- 
ficantly iipon the interactions among the rare earth ions. 
Sometimes energy transfer may sensitize even crystalline and 
glass lasers [l3]. Energy transfer may increase the 
population of excited levels of lanthanides by one or two 
orders of magnitude compared with the direct absorption of 
light by the rare earth ions. With the advent of intense v 
narrowband lasers the understanding of such energy transfer 
mechanisms has become feasible. Energy transfer occurs in 
fluorescence when excitation energy of an ion is partly or 
completely transferred to a different ion. Eie oaergy 
transfer may occur without charge transport. The energy 
transfer can occur radiatively or non-radiatively. 

1. 6. 1 Radiative energy transfer 

When the transfer is radiative, the photons 
emitted by the ’sensitizer’ (or donor) ions are absorbed by the 
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’activator’ (or acceptor) so tint transfer depends upon 
the size (or shape) of the sample and concentration of the 
dopants. Moreover depending on the degree of overlap bet- 
ween the emission spectrum of the sensitizer and the 
absorption spectrum of the activator the form of the 
emission spectrum changes with activator concentration, 

(Also see Sec. 4.1). 

1.6.2 Non- radiative energy transfer 

Vilhen the transfer of energy is non-radiativ e, 
no change occurs in the form of the emission spectriim. This 
energy transfer takes place before the emission of radiation 
occurs from the excited state of the sensitizer and- affects 
the lifetime and intensity of the emission spectra but there 
is no change in the form of the spectra. This transfer 
mechanism is independant of the size of the sample. There 
are two types of non- radiative energy transfer one by 
exchange interaction and the other by the ion-ion interaction. 

1.6.3 Exchange int erac ti on ri4 1 

This occurs by the overlap of the electronic 
wav ef unctions of the donor and acceptor ions and is consequently 
a very short range interaction, falling off exponentially 
with the distance between the ions, f-electron wavefunctions 
are localized in laP^ host and hence the overlap of wave- 
functions does not occur in this case. So, this type of 
interaction is not considered in detail. 
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1.6.4 Ion-ion interaction 

This transfer mechanism takes place by the 
overlap of the dipole (or quadrupole) field of the sensitizer 
(or donor) with the dipole (or quadrupole) field of the 
activator (or acceptor). This can happen in the following 
ways. 

(a) A portion of the excitation energy may be transferred 
to a neighbouring ion (ion- pair decay). 

(b) ill of the excitation energy may be transferred from 
one ion to another, in a random walk fashion, until 

a sink is reached which is capable of dissipating the 
energy (Migration decay). 

1.7 Resonance energy transfer 

Initial formulations on energy transfer were 
due to Perrins [l5], for s ter [l6] and Dexter [14]. Consider 
two molecules each with one excitable electronic state 
sepa.rated from its groxmd’ state with nearly equal energy. 

When there is a suitable interaction between the two 

» 

electronic systems, the excitation will jump from one molecule 
to the other before one is able to emit a quantum of fluore- 
scence, The mutual interactions are coulomb interactions of 
the van-, der Waals type between the two systems. Forster, 
first treated such a case quantum mechanically, for organic 
molecules in solutions. He assiimed that the transitioxis in 
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the sensitizer and the activator are allowed hy electric 
dipole. However, Dexter pointed out that this theory 
should be extended to include higher multipole and exchange 
interactions which are responsible for resonance energy 
transfer in all inorganic systems. The coulombic interaction 
between electrons and cores of ions S and A gives rise to 
the dominant cross relaxation process*^. The interaction 


energy can be expanded in reciprocal powers of the 
inter- ionic distance. Then, can be written as the 
dipole-dipole term plias higher order terms as follows 



where R, e and K are respectively the intern-ionic 
distance, magnitude of electronic charge and dielectric 
constant of the medium in which the ions are embedded, r, 


is given by r. 


T/diere r^ ^- is the vector from 


the nucleus to the electron i of the ion A and r^ is 
defined similarly. The electric dipole- dipole, dipole- quadru- 
pole and quadrupole-quadrupole interaction energies are inver- 
sely proportional to the third, fourth and fifth powers 


respectively of the inter-ionic separation. Dexter derived 
the following expression for the probability of resonance 

cp S represents the sensitizer and A the acceptor. 
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transfer per unit time that energy will he transferred 
between the two ions: 


P(H) = -f- j <t’* Yj, 1 \ ) j 2 j'g^(i;)s^(E)dB 


( 7 ) 


where 


'h 


g and Yg» t (j^ 

ground state wave functions of the sensitizer S and the 


fg, and are the excited and 


activator A. ions respectively, and where 


H 


SA 


is the 


interaction Hamiltonian, The integral is over the normalized 
emission band shape of the sensitizer and the absorption 
band of the activator in which the transitions S — > Si and 
A are represented by the line shape functions gg(E) 

and g^(E) each normalized in the sense Jg(E)(iB = 1. 

The dependence of energy transfer rate on S-A separation 
as given by Dexter is expressed as 


where 3 is a positive integer taking 6,8 and 10 
respectively for electric dipole-electric dipole, electric 
dipole-electric quadrupole and electric quadrupole- electric 
quadrupole transitions. is the actual lifetime of the 

sensitizer excited state, H is the separation between 

sensitizer and activator and is the critical transfer 

o . , 

distance, for which, excitation transfer and spontaneous 
deactivation have equal probability, Kushida [l7] made 
transition probability calciflations of resonance energy 



transfer, cooperative sensitization of luminescence 

and cooperative optical transitions and compared them with 

experimental values. Critical concentration n-p 

-‘■vjii 01 energy- 

acceptor ions is estimated for the case of Y'b yti 

transfer. He has emphasized the importance of j 

selection rule in the determination of the dominant 

interaction term in the resonance transfer anri ^ 

Coopera- 
tive processes. 


Phonon-assist ed non- radiative energy 

If now we consider two ions with excited 

states of different energies, the probability 

transfer should drop to zero where there is inn 

* no overlap 

between the donor and acceptor transitions involved 
However it is found experimentally that energy transfer 
can take place without electronic energy overlap provided that 
the overall energy conservation is maintained by production 
or annihilation of phonons with energies approximately 
or ET, where 0^ is the Debye temperature of the 
host lattice. When the energy of one phonon is sufficient 

for energy conservation, the overlap integral should be 
replaced by [l8] 
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where S® and A°, A® are ground and excited states 

of sensitizer and acceptor respectively, v and p are the 
velocity of sound and specific gravity of the host lattice. 

V represents the ion-lattice vibration interaction and 
n^ is the occupation number of phonon state, n^ + 1 
states the occupation number of phonons in emission process 
while n^ corresponds to the absorption process. 

This shows that the phonon-assisted non- 
radiative energy transfer depends on the difference of 
the matrix elements of the orbit-lattice interactioh 
between the ground and excited states of a given ion and 
also on the difference between the matrix elements of the 
activator and sensitizer for a given state. If the energy 
of the sensitizer excited state is greater than the activator 
excited state, the energy transfer takes place only via 
sensitizer to activator. This assumes that no phonon 
can be absorbed at the working temperature. However, in 
energy transfer between rare earth ions, energy mismatch 
could be as high as several thousand cm'‘^s. This is much 
higher than the Debye cut .off frequency generally found 
in normally encountered hosts, so that multi phonon phenomena 
have to be considered here' [8]. According to this theory 
the probability of phonon-assisted energy transfer .(JPAT) is 

( i.E) = Wp^(O) 


( 10 ) 
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where /> E is the energy gap between energy levels of 
donor and acceptor, p is a parameter determined by the 
strength of electron-lattice coupling. The above equation 
has the same foim ae was given by Miyakawa and Dexter for 
multiphonon relaxation as 
and p = a - Y 

% 


W ( A E) = ¥ (0) e 

mpr mpr 


-a .4iE 


where 


1 

hw 


In (l + 


St 


) 


( 11 ) 


Yamada et al [l9] studied phonon assisted 
energy transfer process in 12^3 host. Selzer [20] dealt 
phonon assisted energy migration process occuring between 
Pr^"*" ions. A relation similar to Equation (lO) has been 
derived by Pong et al [I 2 ] recently. 


1-9 Macroscopic case of energy transfer 

Upto this point we have been dealing with 
the microscopic case of two ions interacting with one another. 
To discuss the case of real macroscopic samples with many 
ions and to obtain a link with experimental facts, a stati- 
stical analysis on the energy transfer is necessary. The 
average transfer efficiency can be computed on the basis 
of sensitizer-activator interaction. This was studied 
in some detail by Inokuti and HirayamaCl4]. They considered 
a number of activators situated at random in a sphere around 
a sensitizer such that the activator concentration is constant 



20 


wlien the volume of the sphere and the number of activator 
ions considered goes to infinity. They obtained the 
following expression for the intensity decay of the emission 
of the sensitizer surrounded by many activators. 

I(t) = exp [ - i - r(l . 2) -C ( ^ )3/Sj ( 12 ) 

where is the decay time of the sensitizer in the 

absence of activator, C is the activator concentration, 
is the critical concentration and S is the parameter 
of the multipjolar interaction. The comparison between 
the experimental and the theoretical decay curves has been 
widely used to determine the index of the multipolar 
interaction involved. This theory is valid only liien there 
is no sensitizer-to-sensitizer transfer or activator-to- 
activator transfer. This means that it cannot be used 
when dealing with high rare earth concentrations for sensi- 
tizers and activators although it shoiuLd be valid when 
studying concentration quenching for one type of ion only 
since equation (12) is derived by averaging the interactions 
of one ion with all others which then are of the same kind. 

When random ions of type S are excited, each 
ion has the same probability of radiative decay resulting in a 
purely exponential decay for the ensemble of ions. When the 
activator ions are also present and randomly distributed 
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in the medium, some of the excited S ions will be 
sufficiently close to the A ion so that energy transfer 
will occur. Since transfer probability depends on inter- 
ionic distance the decay rate of individual S ion will 
vary with its distance to the A ion in a random way. 

Only ions with identical environment will have identical 
decay rates. Those donor ions which are near to the 
activator ions will decay rapidly, therefore, the decay 
rates increase soon after excitation. After the ions 
near the quenching centres have decayed, the ions with no 
activator with in a close distance remain excited and 
their decay xirill approach the radiative rate. Therefore 
energy transfer in absence of diffusion among the donor 
ions will be characterized by a non- exponential fluorescence 
decay with a rate approaching purely radiative rates at 
long times. 

Another approach to the macroscopic case is 
the use of the well known rate equations which deal with 
population of ions in a given state. This was used as a 
phenomenological approach in studies of the laser systems. 

In the same manner rate equations were derived for the 
energy transf er between Yb^’*' and Er^'*’ [2l]. The appli- 
cability of these equations in relation to the Inokuti and 
Hirayama derivations has been discussed recently by Grant 
[22]. Based on the principles of qiiantum statistics. Grant 
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shows that the dependence of average transfer probability 
on concentration does not reflect the multipolar behaviour 
but rather the number of particles participating in the 
relaxation process and this was supported by Pong and 
Diestler [23]. With the assumption of random mixing, 
the energy transfer rate at low concentration is linear 
with concentration (C) as long as only pairwise interactions 
are considered. Quadratic or higher dependence on concen- 
tration, G can result, from energy transfer between the 
sensitizer and two, three or more activator ions. Pong 
et al [l2]believe that the many body transfer mechanisms 
are particularly important in the rare earth ions. The 
efficiency of energy transfer is given by 


' Tim = 1 - (13) 

where is the relative yield of donor luminescence. 

Many experiments have been performed to know about the 
interaction mechanism by measuring the radiative quantum 
efficiency of donor fluoresoence. 

The quantum efficiency under pulsed excitation 
can be obtained from an arbitrary time dependence of fluoro' 
scence by performing the following integration 




j 


Cp(t) dt 



( 14 ) 
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•wiiere T = iiji(t)dt 
Q.J',0 

and is the intrinsic time decay without energy 

transfer. The average transfer probability is given by 

P = - 1) (15) 

'o ’ 

where is the measured lifetime of the donor, 

1.10 Migration of excitation 

In many systems because of the resonant 
condition, the sensitizer-sensitizer transfer is more rapid 
than the sensitizer-acceptor transfer (when the concentration 
of the two ions are comparable) especially in rare earths 
where the stokes shift is small. Excitation energy may then 
be able to migrate among the sensitizers before passing 
to the activator ion, thus, decreasing the effective 
sensitizer-acceptor distance. This mechanism has been 
dealt in detail by many workers [24]. 

Another type 'of interaction mechanism is 
the magnetic dipole- magnetic dipole interaction. The 
Hamiltonian of such interaction is similar to that of 
electric dipole-electric dipole interaction. This type of 
interactions are not detected in optical measurements. 

1.11 Energy up- conversion 

Microscopic and macroscopic aspects of energy 
transfer have been dealt, with briefly in the previous sections. 
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In some systems energy transfer causes up-conversion of 
radiation also. That is, when a particular group of 
energy levels are resonantly excited, fluorescence origi- 
nating from energy levels, which are situated at much higher 
levels, is observed. This phenomenon is called here after, 

' 'Energy Up- conversion . Energy up-converted fluorescence 
can arise with or without energy transfer to a neighbouring 
ion. The processes such as ''Two photon excitation process'', 
''Sequential two photon excitation process (STEP)'', and 
''Infrared quantum counters (lEQG)'' require the involvment 
of single ion only, Bloembergen [25] has observed infrared 
quantum counter for the first time. The subject of IRQGs 
has been reviewed by Brown and Shand [26], Successive 
multipole transfers as well as cooperative processes giving 
rise to energy up-converted fluorescence have been reviewed 
by Auzel [27]. Kinetics of up-conversion has been discussed 
by Wright [28]. Various energy transfer phenomena have 
been reviewed, recently by Reisfeld and Jorgensen [ij]. 

The basic energy level diagram of IRQG 
(not shown) is a three level scheme where thg ion is excited 
from level E^ to level E^ by a signal of frequency 
and the transition from level E^ to E^ is provided by another 
frequency ^ 2.2 then fluorescence is observed from Eg* 

The efficiency of IRQGs depends on the following : 

1, At normal temperatures the ground state E^ should 
contain all the ions in that state. 
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2 . The level should not he populated thermally, 

otherwise the output is noisy. 

5. The transition must he an allowed one. 

4 . The lifetime of should he long since this is to 

he picked up hy another transition. 

5 . The absorption ‘'^12 allowed one. 

6 . The energy gap between B^^ and E^ must he large. 

7. The level “lUst he fluorescing with high 

radiative efficiency. 

This is not an ideal system because the 
long lifetime of E^ is not compatible with a strong 
transition. An improved q.uantum counter scheme is a 
four level scheme, in which the ion is excited from E^ to E^, 
which rapidly relaxes to E^ and then picked up by another 
photon to E^. For this process to he observed the output 
frequency mast he sufficiently isolated from the 

pump frequencies. The above conditions are favourable 
for the operation of not only IRQCs hut also STEP. But 
in STEP process the exciting radiation is of single fre- 
quency [29]. These two processes are observed at low 
concentrations. At higher concentrations ' 'Energy transfer 
up-conversion (ETU) ' * process is significant. Here two 
excited donor ions undergo a transfer leaving one ion in a 
higher excited state and the other in a lower state or the two 
excited ions may transfer their energy to a third ion. This 
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process is observed in singly as well as doubly doped 
systems [30]. 

Some schemes of ion-ion coupling or up- 
conversion of radiation are depicted in Pig. 1.2. Excited 
state absorption of the type proposed by Bloembergen is shown 
in Pig.l.2(a). In this, the ion is excited from level 0 
to level 1 by infrared radiation and is tuned from 1 to 3 
by a strong excitation source and then fluorescence from 
level 3 is observed. Another mechanism of up-conversion 
proposed by Esterowitz et al [3l]» i^i which the excitation 
from level 1 to level 3 is provided by an excited ion is 
shown in Pig.l. 2(b}. A different type of up-conversion 
is observed by Auzel [32], in which, two excited donors 
successively transfer their energy to an acceptor (Fig. 1, 2(c) )• 
A fluorescence q.uenching process [33] by ion- pair decay 
is shown in Fig. i;..2(<a) and the migration of excitation [34] 
is shown in Fig. 12 (e). Pig.l. 2(f) represents a cooperative 
excitation [35] mechanism, observed in doubly doped systems, 
in which two donors simultaneously transfer their energies 
to a third ion. Cooperative radiative transitions [36] are 
allowed where a single photon is absorbed or emitted by two 
ions (Fig.l, 2(g)). Another type of cooperative process is 
presented in Pig.l, 2 (h), where an excited ion emits a 
photon, whose energy is the difference between that of the 
initial excited level and a level on a neighbouring ion [37]. 
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A combination of energy transfer and photon absorption 
[38] is shown in Pig.l*2(i). That is, an excited donor 
ion can transfer its energy to an acceptor ion at the 
same moment that the acceptor is absorbing a photon. 
Consequently, acceptor excitation is created that is 
equal to the sum of the donor and photon energies. 

Kushida [17] calculated efficiencies of several infrared 
to-visible conversion processes, as well as rates for 
resonance energy transfer and cooperative optical transition, 
and compared them with experimental values. 
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EZPERIMEITTAL DETAILS 

abstract 

Fluorescence and excitation spectra have 
been recorded using CW Ar+ and pulsed pumped dye lasers. 
A 0.75 m Jarrell-Ash spectrograph, fitted with an IPT 
F¥ 130 photomultiplier has been used to record the spectra. 
The wavelengths are measured with an accuracv of 1- 5 ^ 
using picoammeter and strip chart recorder combination. 
Decay. times have been measured using an oscilloscope. 

The crystals, used for this study have been procured from 
Optovac Inc. 
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2.1 Introduction 

The experiment involved is to excite 
fluorescence in [where Pr^"*", M’d^'*', 

or Ho^"^] using a laser beam and to record the fluorescence 
spectra, excitation spectra and the measurement of decay 

■3+ 

times of some of the fluorescing energy levels of 
ion(:s) in the above mentioned single crystals. The block 
diagram of the experimental set up is given in Pig, 2.1. 

The experimental arrangement consists of an excitation 
source, optics for collecting the signal, spectrometer 
and recording system. 

2. 2 Excitation source 

Molectron UV 1000 laser pumped ELJOO 
dye laser is used to excite the crystals. The laser is 
capable of producing a peak output power of 1 MW at 3371 % havi- 
ng a. fixed pulse width of 10 nsec. It is operated at a 
repetition rate of 10 Hz though provision is there to vary 
the pulse rate'from 5 Hz. to 50 Hz. The laser is operated 
at 22 K7DG and the pressiire is maintained at 60 mm of 
mercury. The output is a rectangular beam of dimens iojtis 
25 mm X 6 mm. 

The Hi 300 dye laser is pumped transversely 
with horizontal laser beam. The focussing lens included 
in the dye laser focusses the beam to a line at the dye cell 


Mirror 
= C on V e; 
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8 mm long by 0. 2 to 0. 5 mm high. The intracavit 3 r (not 
sho-wn ) oonsists of a grating, etalon, beam expanding 
telescope and an output mirror. The beam expanding- 
telescope focusses the beam on the grating. The intra- 
cavit 3 r etalon is used to reduce the bandwidth and to 
improve frequency stabilitj/- of the laser cavity. The 
grating selects a particular wavelength' with in the 
emission band of the dye for amplification in the cavity. 

The grating is a glass replica blazed at ‘2.7 pm with 
600 gseoovesper millimeter. To operate over the broad 
range of output wavelengths, orders 4 through 7 of the 
grating are used, there by maintaining high efficiency 
at all wavelengths. The grating is rotated by a sine drive 
to provide linear relationship between ha.ndcrank rotation 
and wavelength increment of the dye laser output. Bach 
revolution of tne grating shaft corresponds to 100 in 
first order and lOQ S. in nth order. A stepper motor 
(Step-3yn ' of Automatic Electric Go. India) is added 
to drive the grating shaft at fixed rates. The speed of 

4 - 

th§ stepper motor can be varied bj;- a stepper motor drive"^ 
in nine steps viz., 10, 5, 2, 1, 0.5, 0. 25, 0.1, 0.05 and 
0. 025 rpm. 

Various organic djres in the visible and near 
ultraviolet regions of the optical spectrum can be e-icited to 

1 - Stepper motor drive has been fabricated under a joint: project 
of lasers Laboratory, Dept, of Physics and Advanced Ceshtre 
for Electronic Systems of Electrical Ingg. Dept. , IIT Sanpur. 
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lase with in their fundamental fluorescence bands of 
200-600 S width. Continuous tuning is achieved from 
3600 S. to 7500 S, A stirring magnet is provided within 
the cuvette. A stirring mofor is used to keep the magnet 
rotating. In this study Coiuiarin (7D 4tIC) and RhodauiiEie 
6G (Pl6G) dyes are used which lase in the regions 4400-4780 S 
and 5680 ~ 6050 1 respectively. Each revolution of grating 
shaft changes the •^^B,velengtn by about 17 ^ and 20.5 % 
respectively for the above dyes. 

2« 3 Op tic s fo r c oll ecting th5y_sl g^ 

The horizontal output of the dye laser is 
reflected verticalljr using an inclined aluminium coated 
mirror. A quartz lens of diameter and focal length each 
2'' is used to focuss the beam to a point in the crystal, 
fluorescence oiitput is collected in a direction perpendicular 
to tile direction of excitation using a lens of diameter 
and focal length each 2'* and is focussed on to the slit. 
Coloured glass filters (Corning) are used to check the 
iravelength and order of the spectra and is arranged in 
front, of the slit whenever necessary. A polarizer supplied 
by Andhra Scientific Gompanjr, Machilipatnam is used in 
recording the polarized spectra and is arranged in front 
of the entrance slit. The slit widths (entrance and exit 
slits) are varied fi’om 3^ 1^ to 44C p depending ori the 



strength of the signal 
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2* 4 Sp ectrophotometer 

The fluorescence light is analysed using 
a 0,75 m Ja.rrell~Ash Model ho. 75-000 plane grating spectro- 
graph (f/6,3) which has an asjrmmetric Czerny- Turner mounting 
for the grating and a worm and gear arrangement to rotate 
the grating table. The grating used is blazed at 5000 % 
and has 1200 grooves /mm. One revolution of the grating 
shaft results in 0.1 degree rotation of the grating. A 
mechanical counter on the spectrograph indicates the 
grating setting in hundredths of a degi'ee. A stepper 
motor and stepper motor drive combination similar to the one 
disscrihed in Sec. 2.1 is used to rotate the grating shaft 
at a fixed rate. This results in different scanning 
speeds in the range from 52 S./min to 1.3 §./min. A precision 
bilateral slit (Jarrell-Ash Ho. 12-000} is mounted in 
place of the plate holder using the same clamping arrange- 
ment. A photomultiplier tube ITT 130 with S-20 
response is used to detect the signals. PMT with its 
housing is fixed at the exit slit. Its dark current at 
1500 Y is about 1,5 nA. The high voltage required is 
obtained from a stabilized high voltage power supply. 
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2. 5 Recording; the spe c tra 

Ifeile recording steady sta-te fluorescence 
the current from PMI' output is measured "by a. pi coammeter 
(Reithley l’'Io.417)i, which has a full scale range variable 
between 3 x 10 vumps to 3 x 10 ^ amps and in 3> 1, 0.3 
and 0.1 sequence, The d. c. component of the dark current 
of the PMT is subtracted out using the 'current suppress'. 
The pic.oammet^rhas an output 3 V for full scale deflection, 
which is used to drive the strip chart recorder (Yarian 
Model Mo. G- 14A--2). The recorder lias two chart speeds of 

2.5 and 10 cms /min. The spectra are recorded in fast speed 
and the speed of the shaft is chosen in such a wa 3 r that a 
dispersion of 1 S./m!n or 2 £/mm is obtained on the chart 
paper. 

2. 6 Qalibsration 

Provision is made to obtain a marker on 
the chart paper for every rotation of the grating shaft (Pig 
2.2). A cam attached to the grating shaft closes the 
microswitch (Kesbo (India) No.WRS) contact once ever 3 r 
rotation and connects a 1,5 Y dry cell across the recorder 
terminals through a capacitor. ‘The capacitor allows only a 
sharp spike of voltage to pass through, at the instant the 
contact is closed. During the off period of the microswitch 



Cam 


— — -j 1-^ — ---— 1— <y o- 

C ^ NG 

M 

“T '1.5 V ^ , ■; V 


M = Microswitch (kesbo No. MVR-6) 
•NC = Normally closed contact 
NO = Normally open contact 
R = Recorder 
P = Picoammeter 
C =»^0.1 p F 
R^ := -'^10 KXI 

R2 =;■ C 


Fig. 2.2 Schematic diagram of the wavelength 
marker circuit . 
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the capacitor is discharged ttirough the resistor 
to make ready for the next marker, a resistor is 

inserted in the picoa-mmeter output to prevent the shunting 
of the 1.5 V pulse by the low output impedence of the 
picoammeter. Since the input impedence of the recorder 
is as large as 1 this series resistance does not 
reduce the voltage received the recorder to any sig- 
nificant extent. The calibration of the spectrometer thus 
consists of ascertaining the -^vavelengths corresponding to 
these marker positions. This is done by recording the 
spectra of some standard sources like low pressure discharges 
of He, He, Ar and Xe. These sources cover the regions 
of spectra recorded. The maximum inaccuracj^^ involved is 
+ 1.5 for the wavelengths measured. Usually the spectral 
lines are recorded a number of times and an average of 

these values is given in the tables. Some preliminary 

34 * 

work on the fluorescence spectrum of LaP^^fr-^ using 
(Coherent Radiation H'o.52) Ar*^ la,sei’ excitation on a SPBX 
Ho. 1400 double monochromator xfith an ETll Ho. 9558 PMT was 
done by Professor P. Yenkateswarlu at the University of 
California, Santa Barbara. The iijavelengths obtained in 
this laboratory are in agreement with those recorded by 
Professor Tenkatesvjarlu within the experimental errors. All 
the recordings which are made in this laboratory are presented 
in the thesis except the fluorescence group 
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in the region 6409-6570 1, v/hich is from Professor 
Venkatesvjarlu 's unpublished data. 

2-7 Excitation sueotr a 


Vftiile recording the excitation spectra the 
monochromator is fixed at a particular position, so tiiat 
the PMT receives signals of a particular wavelength only. 
Then the excitation wavelength is changed continuouslTr at 
a fixed rate. Tiftienever a particular x-javelengtli is absorbed 
by the ion in the crystal, fluorescence is emitted bjr the 
ion. So a. peak appears on the chart paper corresponding to 
that excitation. This type of recordings give information 
about the enei’gxr levels responsible for that particular 
fluorescence line. 


2.8 


measurements 


It is convenient for practical purposes 
to introduce a term 'decay time' which characterizes the 
behaviour of the decay function. Let ^(t) represents the 
intensity of the decay curve at timej t. Since |)(t) is 
not in general an exponential function, there is no unique 
way of defining a decay time. One can define the mean 
duration time, of donor luminescence by 

CO, 00 

Pjjj = ( t 0(t}dt/ j |)(t)dt 

o o 
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Another way of defining it is the ' ~ - decay time ' , 
tg or the tiiae interval after which the donor luminescence 
has decreased by a factor of e from its value at t = 0. 

If the decay function happens to be purely/ exponential, 
then and fg coincide. Otherwise they are in Senoral 
different. I'he aim of the present experiments is not to 
measure the decay times very accuratel.y but to see the 
relative variations in decay times with concentration of 
impurity ions in the host lattice. So ' ^ " ^©cay time' 
is measured in every case. For this purpose, the output 
of the photomultiplier tube is fed to an emitter follower 
(Fig. 2. 5) and then to an amplifier ( lektroni?:. Model 1121). 

I’he output of the preamplifier is given to an oscilloscope 
(Tektronix 545A) and the waveform is displayed on the scope. 

The emitter follov/er with large input impedance (20 ki''— 
to 1 MiU) and an output impedance of 50^%- is used to avoid 
distortion of the pulse due to impedance mismatch. Satura- 
tion effects of the signals are eliminated by controlling the 
slit widths of the spectrometer. ¥e liave used calibrated scope 
to measLure the decay times. Calibration error that could 
appear is very small. But some error is there due to the 
finite width of the signal trace (because the signals are 
noisy). The maximum error that could appear in all measure- 
ments is about 10 percent. Each decay time is measured 
couple of times and an average value is taken. 
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2. 9 Dem r f o r loxf t eimae rat ure work 

A demountable (pyrex B-55 joint) cold finger 
dewar has been fabricated for the low temperature work. 

The upper half of the dewar is double- v, ’■ailed with inner- 
wall terminating in a gLass-to-metal seal (Kovar seal). 

A non porous copper block is soldered to the tip of the 
Kovar seal (Pig, 2. 4). The crystal is mounted on the copper 
block in such a way that there is maximum contact with 
the copper block. To maintain good thermal contact a 
thin layer of grease is applied to the contact surface. 

The crystals are fixed to the copper block with quick 
fix. It is applied only to one edge of the crystal so 
that it does not affect the excitation and fluorescence 
intensity. The lower half of the dewar has three windows one 
at the bottom and two on the sides at right angles to each 
other. An outlet (through a stop- cock) is provided in the 

lower half for evacuation of the dewar. A vacuum, of the 

-5 

order of 10 torr is created between the walls and then 
liquid nitrogen poured, inside the dewar. 

2.10 Crystals used 

The single crystals of LaP^^Pr^'*' (l percent), 
laP^jJTd^'*’ (2 percent) (0.5 percent) and laP^sHo^"^ 

(0.5 percent) obtained from Optovac Inc. have been loaned 
to us by the late Professor H.P.. Broida, Department of Physics, 
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University of California, Santa Barbara. iHl the 
above crystals on excitation have shox-na the presence 
of Pr^*^. [In the last three crystals Pr^"^ is present 
as an unintentional dopant]. The crystal 

also contains very small concentration of (uninten 

tional dopant). The other crystals of LaT'^:hd^'*' v/ith 
hd concentrations (O.Ol, 0.1, 0.5? 5 and 20 percent) 
have been obtained from Qptovac Inc. 





CHAPTSa 5 
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LASER INDUCED PL UCaE SOB 14CB AND SITE STMIIETRY 

,AB,STBACI' 

Polarized fluorescence spectra of 

LaP^jPr^''' (one pei'cent) has been recorded at room and 

liquid nitrogen temperatures using- a laser pumped 

-H 

dye laser and an Ar laser. Past data has been observed 
which vjas not reported earlier. Pluorescence originating 
from (^lg)j ^Pp and on resonant excitation 

from levels is observed. Some transitions originating 

from phonon coLipled levels of and ( Ig) and 

terminating in an.d %g have been observed only at 

room temperature. Excitation spectrum lias been recorded 
for at least one fluorescence line of each group. Analysis 
of polarized spectra indicates that i'on occupies 

a site rather than 0^ or site. A consistent set 

of species assignment has been made to most of the energy 
levels and to some of the phonons under C site sjj-mmetry. 

S' 



3.1 .In t ro ducti on 


4 £ 


Pr3.seodyniium is the third element in the 
lanthanide series. Triply ionized praseodynium has tx 
trons in incomplete -shell which contribute in all' 

all of which have been observed either in absorption o 
fluorescence. The free ion energy/ levels are also knoi 
[l,2j. Energpr levels of Pr^"^ in laP^ were established 
by Gaspers et al. [3j and later. b3r Oarnall et al. [4] frc 
absorption and fluorescence experiments and are given i 
pages... Hie energy levels in the order of increasing 

energy are ^^4? ^^2’ ^^0’ ^^1 

'^P.p and Sq. The energy levels of P^^ and Ig are 
found to be superimposed. Vacuuia-ultraviolet absorptior. 
spectra of trivalent lanthanides in lal'i were recorded 
by Heaps et al. [5J. The level energies obtained by Garna. 
et al [4j are slightly different from the values obtained 
by Gaspers et al [3j except the energies in 

which there is a large discrepancy. The level energies 
of ^2 mentioned bx’- Garnall et al L4J are supported by' 

^D2 fluorescence and excitation spectra recorded in this 

laboratory. The values obtained for energy levels from 

the present fluorescence experiments are agreeing within 

the experimental errors xith those of Gaspers et al. [ 3 ] 

and Garnall et al. [4]. Absorption and fluorescence 

spectra of Pr^"^ in laP^ were reported earlier bjr Wong et al [6] 
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and later fluor etscence spectra were recorded by Yen 
et al [7J. Even then the data reported by theci is not 
complete and no proper explanjition vras given which could 
explain the polarization of all the observed transit! on 

3+ 

energies. The optical . fluor escence analysis cf LaF^iFr-^ 

is very easy because the strongly fluorescing level is a 

single state (J=0). Keeping this in view a thorough 

reinvestigation of the fluorescence spectra was undertaken. 

■3 

1 ' 1 /hen the P group of levels are excited no fluorescence 

is observed from Stark multiple t. So fluorescence 

from is observed on resonant e;x;citation. The details of 

fluorescence analysis are given imder separate headings. 

The observed fluorescence consists of transitions originating 

from ^P^ and (^^ 2 ^ lower multiplets. 

illl these data are given in Tables 3.9-3.11- Fluorescence 

from -^P^l Ig) and ^p 2 to lower levels and some of the 

3 

weaker lines arising from • P^ are not observed in this 
laboratory at liquid nitrogen temperature. These data 
are taken from the unpublished work of Professor Put cha 

■ 4 * 

V'enla, teswarlu who recorded the spectra using 0¥ Ar laser 
and SPBK ho. 1400 spectrometer at the Department of Physics, 
Santa Barbara, Oalifornia. These da,ta are taken for the 
sake of completeness and the analysis is done by me. 
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5 « 2 Pr oposed Crystal structure for LanthariiHa 
I'rif luoride 

Lantiaanum trifluoride is an impoi'tant 
optical material -wiiich has been the subject of numerous 
investigations. The study of magnetic susceptibility and 
Faraday rotation, ME., EPR, Optical Spectroscopy of 
impurities in laF^, Optical-EF double resonance [S] the 
study of Eaman spectra, Infrared and Lattice vibrations, 
photon-echo technique [ 9 j and photo emission studies [lO] 
have generated considerable interest. The crystal structure 
of laP^ has been the subject of controversy from the 
beginning and was reviewed by Sharma [ll] earlier. In 
1951 Oftedal [12] suggested a hexamole cular I^-^ (P 6 ^/mcm) 
space group based on his X-ray results on a study of 

crystals of mineral tysonite (la, Ce, ) He also 

observed that the actual structure dev.iated only slightly 

A 

from the (P 6 ^/mmc) space group in which a bimolecular 

pseudocell would become the true unit cell, A projection 
of the unit cell on a plane perpendicular to the crystal 
z or c axis is shown in Pig. 3 *la. ■ The results of 
Faraday rotation experiment by Yan Vleck and Hebb [13] 
support this structure. Wong et al. [ 6 ] recorded the optical 
absorption and fluorescence spectra of Pr in laP^ and 
suggested 0 ^^ site symmetry. But it could not explain 
the appearance of unpolarized lines and weak lines. The 




52 


results of M'-ffi experiment by Afanasiev et al [14] 

support this structure. Schlyter [l5] reinvestigated 

the X— ray diffraction spectrum of tysonite and concluded 

4 

that the true structure was the bimolecular space 

group. Erupke and Gruber [l 6 ] recorded che fluorescence 
spectra of Er^"^ in LaE^ and found that some of those 
lines are polarized in contrast with fche expectation for 
to be located at the site ^ 2 v* suggested a 

slight distortion towards a trigonal site to account 

for the polarization. 

Mansmann [17] and Zalkin et al. lI^J indepen- 
dently repeated the study and suggested Ciie hexamole cular 
trigonal structure l 1 ^ A projection of the unit cell 
on a plane perpendicular to the crystal z or c axis 
is shown in Eig. 3.1b. Raman spectra of LaE^ was 
recorded by Bannia-n and Porto [19] and 03 - t eniateswarlu 
[l9aj aud the infrared spectra by Rast ex al.[20j and 
later by Lomides et al. [21J* Their results support the 
trigonal structure (P 3 CI). The results cf powder 

■'A 

neutron diffraction studies by Cheetham et al [22] and thermal 
conductivity study by Hudson. [23] support the trigonal, 

structure. 

bd 

Three sets of equivalent fluorine positions 
exist for each proposed structure. They have been indicated 
respectively, as E^, and E^ type ions. The La ions 
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form a triangle at Z = 1/4 and 1/5 lattice distance 
away from the origin and another triai^gle at Z = - 1/4 
(or 5/4) separated hy 0/2 from the first and rotated by 
60 ° with respect to the first triangle. The type 

fluorines are at the centres of the triangles formed by the 
la ions. The diffei’ence exists however in the positions 
12P2_ 4^2 type fluorines. In structure the 12P2_ 

fluorines are situated on vertical planes passing through 
the origin and the la ions. Each la ion is located equi- 
distantly between the two fluorines. The 

separation is 0 . 65 , 0 units. The la ion is 0.05 S off the 


line joining the two P^ type fluorines in these planes. 

In the structure, the 12P-j^ fluorines have been 

moved horiaontall3r an amoimt approxima.tcly O.O5 2 . from the 


vertical planes defined above. The Pp fluorines in 
I^j^ structure are located on the planes perpendicular to 
the crystal c axis at Z = + I/4 c while in 1^^ 
structure these two planes are O.O65 c units above and 


below the plane formed by the la ions. 


The bimole cular structure proposed by 

Schlyter is (shown bjr dotted lines) obtained from 1 ^^ by 
moving the ’ la and P^ "feype fluorine ions on C.^ symmetric 
axis. This in effect places the la, Pp and P^ ions in sites 
of 1^^ symmetry while the P^ t^rpe ions would find them- 
selves in sites of Electron diffraction studies by 
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G-riesand Sevan [24j revealed that laF^ can crystallize 
in atleast two forms (P 3 CI) and 4 (P6^/mmc). This 

hehaviour usually correlates with the high ion mobility 

at room t emperatuere. 

On the basis of their investigations of 

La I'MR spectra, Anderson and Proctor [25] found the 

structure to be hexagonal with six magnetically inequivalent 

La ions occupying sites of symmetry C^, or in a 

mit cell. Combining this with the positions of La ions 

detemined by X-rays, they proposed space group. 

Range- et al. [26J also found from neutron diffraction that 

the structure is Gg^ (Pig. 3. 2). P^^ hllP observations of 

Lee and £>her [27 J provided evidence for the presence of 

two types of fluorine nuclei in LaP*^. Baturin et al.[28j 

19 

also found similar evidence in their i‘ observations on 
La, Oe, Pr and 2Td trifluoride powders. These experiments 
support Dg^ structure but are in fact indicative of 
gross symmetry at the fluorine sites. Since the difference 
in the environments of P 2 and P^ type fluorines is only 
small, a measurable difference in the 'Ohemical shifts' 
could not be produced at the laagnetic field these experiments 
were carried out. A similar limitation occurs to the work 
of Goldman and Shen [29] ’^iio found one type of fluorine nuclei 
in LaP^ to be in rapid motion and determined the ratio of 
slow to fast moving nuclei as 1:2 using pulsed technique. 



lUiN fYKL 


-V, 1/2-V 


o 


06F1 
6 Fl' 
4F2 
2F3 
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- C3V 

- Cs 


V, 1/2-V 

o 


-1/4-W 

.0 


1/4-w(1D_1/4+w1 

- 1/2 


1/4-W 

ff (f'« 

I/ 4 +WI -1/4 + W1 


U, 1M-W 1/4^ 


-V, 1/2-V 

o 



U =0.06C 
V =0.04C 
W1 =0.067C 
W = 0.096C 



structure of LaP^. a 
particles on the hexagonal 
perpendicular to crystal c- 
half of la ions. (V'. i;. ‘]h 

&inpur,' (1971j). - , ' 



56 


Anderson and Proctor [25j performed measurements 

at higher rragnetic fields and found evidence for four 
types of fluorines in the ratio 3i3i2°l. As such this 
observation suppor structure. But Anderson 

and Johansson [25a] report that Lee he^s shown the 
observed splittings of Ih-IR lines to be due to the dipole- 
dipole interaction, which they had attributed to 

fluorines so that there may be only three types of 
fluorines in the ratio 6:2-1 in agreement with 
structure. EPR measurements on hd'^'*', Er^"^ 

and Yb^”^ in LaF^ reported by Baker and Robins [50] revealed 
six magnetically inequivalent ions in a unit cell and 
indicated a site symmetry lower than Sach of these 

ions iiad an identical g-tensor such that one of the 
principal axes-, Y was perpendicular to the 0-axis and 
another, Z, made an angle ^ with it which was different 
for the different RE ions. Templeton has suggested that 
the determination of the direction of the field gradient 
Y axis in relation to the crystal a~axis would be a method 
to distinguish between the two proposed structures. On 


doing this experiment they found the y-axis to be parallel 


■to the a-axis ^ich is consistent with La ions having 


C _ symme try in 


Pf. (P3C1) 


and c ontra diets it having C 


symmetry in (F 6 | 2 cm) and concluded the most likely 


space group f or 


This ambiguity could be 


resolved if it is assumed that the crystal structure is 



57 


twinned on a sutmioroscopic scale in a balanced fasiiion. 
However they do not claim their determination of direction 
of the y-axis to be rigorous. Prom, BPR measurements 
Sharma [ll] found that the axis of the crystalline electric 
field to be perpendicular to the crystal c-axis and also 
to one of the cleavage planes ( a c- plane) which contains 
the c-axis as has been reported for the other ions 

by Schultz and Jeffries [3l]. X-ray measurements carried 
out by Sharma confirmed this cleavage plane to be the 
ac-plane. This shows that the y-axis is perpendicular 
to the crystal a-axis. The measurements made by Sharmaj^ll], 
Schultz and Jeffries [31 ] clearly support C site 

O 

symmetry. Matthies and ¥elsch [32] determined the crystal 
field parameters for Pr^"^ in LaF^ from least sq.uares fit. 

In their opinion the assumption of lowest site symmetry 
was justified. Assuming space group crystal field 

parameters for Oe^'*' in LaP^ were calculated by Starostin 
et al. [33J. 

5* 3 Selection rules 

When considering the energj?- levels of an ion 
in a crystal the representations of the free ion are reduced 
interms of the irreducible representations of the symmetry 
group of the crystal site in which ion finds itself. In 
the same way the representations of the electric dipole, 
magnetic dipole and electric quadrupole operators are reduced 
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in terms of the irreducible representa^ti ons of this 
symmetry group. In general one component may belong to 
a certain representation, another coiaponent to another 
i-epresentation and so on. A transition between two 
representations is allowed if the product of tho repre- 
sentations of the initial state by the representation of 
a component of the transition operator contains the 
representation of the final state. This is strictly 
related to the polarization and if the product \ x i 

being the representation of the initial state, contains 
the representation | ^ of the final state, then the 
corresponding radiation is linearly polarized in the z- 
direction. Same selection rules are valid even if the 

transition is vibronic. Then the- final representation 
.... r- 

is • f “ ‘f ' ^ ' v I ' is the reioresent ation 

associated xfith tho final Stark level a.ud 1.^ is the 
representation of the phonon which is coupled to the Stark 
level. Same is valid for the initial level. If the 
repr esentations of the initial and final Stark levels and 
phonon are Imown then the polarization of the transition 
can be dsterminod from the selection rules. Or even if the 
representations of the initial level, transition moment 
(polarization) and final Stark level are known then the, 
phonon representation is dotormined in the usual way. 
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In a rare earth ion because of the weakness 
of the crystalline fields the selection rules of the free ion 
have still some relevance. For magnetic dipole and electric 
quadruple transitions we have these approximate rxiles. 

hi » J = 0j+ljJ=O J = 0 

B2 5 /.i J = 0,+l,i2j J = 0 J = 0,1 

Electric dipole transitions within an f^ 
configuration are allowed only through environmental per- 
turbation. The selection rules which control the electric 
dipole lines are determined completely bjr the local field 
symmetry at the site of the ion. 

Therefore in the anal3rsis of the fluorescence 
3+ 

spectra of Pr-^ in laP^j site symmetry of the ion is of prime 
consideration. The sites and C were 

proposed by the former workers. The site which 

contains doubly degenerate irreducible representations is 
not suited to explain the polarization of all the lines in 
our case. The % polarization refers to the electric 
vector parallel to the c-axis of the crj^stalj and a polari- 
zation refers, to the electric vector perpendicular to the 
c-axis, a n transition means the electric vector is 
perpendicular to the two fold axis (or to y-axis in the case 
of Og)* By tiiis means one can determine the polarizations 
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of the optical transitions. The spectrum is recorded 
in three ways to distinguish electric and magnetic dipole 
transitions. 

1. With propagation vector along the optic axis (a-spectrum) 

2. With propagation vector and E vector perpendicular to 
optic axis (o~spoctrura) . 

3. V/ith propagation vector and H vector perpendicular 
to optic axis (x-spectx’inn). 

If a line appears in the axial spectrum and 
a spectrum, the transition is an electric dipole. If a line 
appears in the axial spectrum and n spectram, the transition 
is magnetic dipole. k line that appeal's in the n spectrum 
and not in the axial spectrum is an electric dipole while 
a line that appears in the a-spectrum and not in the axial 
spectrum is a magnetic dipole. 

The character tables for and 0^ 

groups and the irreducible representations of different J 
levels are given in Table 3. 1-5. 4. To distinguish the 
polarization natirre of the transition moment components, the 
notation used by McClure et al [34J is followed. In this 
notation the perpendicular components of E(Ej|_ ) . and the 
parallel components of ) represent a-polarization 

and the parallel components of E(B^^ ) and the perpendicular 
components of H(H^) represent Tu-polarization where E and 



Table 3.1 
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Character Table of C^v Symmetry 


2v 

Ai 


B 


1 


B, 


E 

1 

1 

1 

1 


1 

1 

■1 

-1 


o-^(zx) 


1 

-1 

1 

-1 




1 

-1 

-1 

1 


z 

T,ii^ 


Table 3. 2 


Character Table of 0^ Symmetry 


C, 


A 

B 


1 

1 


rn m 

"x’ V 

i'll , f R. 
:c V 


Table 3. 3 

Character Table of C Syimaetry 

s 


A* 


A*' 


1 

1 


a- 


h 


1 


y, I, R 

z 

2, Rx, R 


y 


1 


1 
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Tatle 3. 4 

Splitting of the various J isvels under ^2^^, and 

G Symmetries 
s 



1 A2 ^2 

2 2A^ + A 2 + 

3 Aj^ + 2A2 + 2 B^ + 2B2 

4 2 A 2 + 2B^+ 2 B 2 

5 2 A 2 _+ 3A2+ 3 B^.+ 3B2 
4 A^+ 3A2+ 3 B 3 _+ 3B2 


A + 2B 

A* + 2A'^ 

3A + 2B 

3A‘ + 2A’‘ 

3A + 4B 

3A‘ + 4A’' 

5A + 4B 

5a‘ + 4Af# 

5A + 6B 

5 a’ + 6 

7A + 6B 

7k' + 6A” 


6 



Table 3» 5 
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Solection rules under 0^^ 
a. Electric dipole 


Syiametry 

b. fegnetic dipole 


> 

C\J 

o 

/l 

^2 

A 

A 

^2^ 


Ap 

A 

Bp 

-4^ 

a 


a 

% 



% 

a 

TC 

CM 


a 

n 

a 

-'^2 

% 


n 

O' 

A 

a 

n 

a 


A 

a 

% 


Tt 

CXI 

% 

a 


a 

A 

% 

a 

% 




™ 

.«■»= 




«» «wn«. « 

.•»» «"•«» r-rr-m 



Table 3.6 

Selection rules under Cp S^rminetry 
a. Electric dipole b. Magnetic dipole 


A 

B 

J2 

A 

B 

a 

aTc 

A 

71 

an: 

CTTC 

a 

B 

07X 

TC 


Table 3.7 


Selection rules under 0 Syiametry 

s 


a. Electric dipole 


b. I''Iagnetic dipole 



A.*' na a a! % ncy 

A** a na A** ' Tia tc 
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H represent the- electric dipole and niagnetic dipole 
transitions. The selection rules for electric dipole 
and nagnetic dipole are given in Tables 3. 5-5.7. 

5. 4 Salient features in the fluorescence srectra 

( 1 ) Self-absorption 

In the fluorescence spectrum of Pr' in 
laP^ the 4791.5 2. line of the group ^Pq""'>'%^ is very 
strong and of magnetic dipole in nature. It is found to 
be self-absorbed in the crystal, whose oscillator strength 
is fomid to be 1.4 x 10“°. Wong et al [6] did not observe 
self- absorption but foimd a weak line with % polarization 
in its place. Yen et al. [7] observed two lines at 4791.5 & 
and 4794.9 S. the later being asjrmmetric. This was possibly 
due to self-absorption which they could not idoitify. S.elf- 
absorption is discussed separately (see Radiative energy 
transfer). 

( 2) Electric dinole transitions 

Some electric dipole transitions are observed 
from ^Pq (J=0) to (J = odd) and (J = odd) levels 

which are weak and very weak respectively. These support 
Ofelt [ 35 ] who proposed a theorjr on the intensity of the 
crystal spectra of rare earth ions. He said tl^at for ions 
having an even number of f-electrons (assuming that even K, 
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J mixing is negligible) both a and tc electric dipole 

from (or to) a J = 0 level to (or from) .an odd J level 

are prohibited. But the observation of fluorescence from 
'2 -2 

to (-viiich is not very weak) is probably possible 

by J mixing, that is mixing of >ra.ve functions belonging 
to ^Pq and ^P^ 

(3) Magnetic dinole transitions 

Magnetic dipole transitions are observed 
for A J > 2 (for fv J = 6 even), in some cases they 

are even strong, which is in contrast with the selection 
rules- A J = 0, + 1. Again the emission of magnetic 

dipole radiation from -^Pq to the ground multiplets is 
probably due to the possible J mixing, that is, mixing 
of wave functions associated with the levels ^Pq (J=0) 
and (J=6), in the crystal field. In general J 

mixing could produce weak lines where as strong lines are 
observed (oscilJntor strength of 4791.5 n is 1. 4 x 10~^) 
in fluorescence 4791.5? 4895, 6001 and 7192 The reason 
is not known. 

( 4 ) Resonance fluorescence 

Fluorescence is observed from "^^2’ ^^1 ^ ^6^ 

and P2 levels on resonance excitation. Four groups of 

lines are observed from to the lower multiplets. Three 

3 1 

groups of lines are observed from ^F^ ^ lower 
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m-ultiple ts. it is observed, that there is a fast rela- 

rz 1 

xation at liquid nitrogen temperat'ore from ^ ^6^ 

levels to pQ. 

( 5 ) S ite svinmetry; 

There has been a controversy regarding the 

site symraetry of la"^ in La,P^. site was supported 

by the X-ray and optical data [4J. Aiaderson and Proctor 

[25] on the basis of M'^R measurements proposed O2 site. 

Sharma [ll] on the basis of EPR measurements found the site 

symmetry to be C . ¥e tried to fix the site symmetrjr 

by analjrsing the fluorescence spectra of Pr"^ in LaP^. 

On analysing the spectra we observed that 0 site 

5+ 

symmetry is favoured for Pr-^ in LaP^ to a greater 
extent than C„._ and sites. Using 0 site symineti*y 

dfv C S 

we are able to explain most of the weaker lines and phonons 
also. 


3* 5 Pluores pence soeotr a 

5+ 

Energy levels of Pr in LaP.^. are given in 
Table 3.8 and shown in Pig. 3 . 3 alongwith the observed fluore- 
scence groups. The fluorescence transitions are given in 
Tables 3.9-3.11. The observed wavelengths, their wavenumbers, 
relative intensity,?-, polarization and nature of the transitions 
are given in columns through 1-5. The initial and terminal 
levels of the transitions are given in column 6, If a 



Table 3.8 
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Energjr levels of in laF^ 


SlJ Caspers Carnall Present Values Species 

et al et al (under C ) 

1 "1 ^ 




0 

0 

0 

A‘* 

58 

57 

60 

A* 

76 

76 

(81) 


137 

136 

136 

A’ 

196 

195 

197 

.n i 

X“1 

203 

204 

204 


296 

296 

296 


330 

322 

317 

A" 

508 

508 

504 

1 

2179 


2181 


2234 


2230 

A‘* 

2272 


2273 

a' 

2299 


2298 

A** 

2304 


2305 

A* 

2354 


2358 

a' 

2412 



A'' 

2431 


2430 

A’" 

2457 


2459 

A* 

2469 



A^( 

2567 



A' 
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Table 3.8 (contd. , 

.) 



SLJ Gaspers 

et al T 
( cni"^) 

Carnall 
et al T 

(cm“l) 

Present values 

Species 
(under 0 ) 

4219 




4223 

4223 

4222 

a'* 

4266 

4268 

4266 

A' 

4300 

4305 

4303 


4385 

4388 

4383 

A‘ 

4440 

4440 

4443 


4508 

4504 

4506 

a! 

45 27 

4529 

4523 


4552 

4558 

4551 

a! 

4579 

4581 

4581 

A* 

4591 

4591 

4596 

A^ 

4671 

4573 

4667 

a“ 

4776 

4785 



%2 5136 

5137 

5136 

A' 

5182 

5182 

5132 


5201 

5201 

5199 

A^ 

5275 

5275 

5276 

A' 

5280 

5280 


A'^ 

6465 

6453. 

6453 

A^ 

6490 

6495 

6489 

A‘^' 

6497 

6499 

6498 

A 

6590 

6587 

6589 

a‘ 



Table 3.8 (contd. 


SLJ Gaspers 
et al , 

(cm'l) 


G a mail 
et al 


Present Species 
Values (under G 

( ciri"^) 





6603 

6602 



6621 

6622 



6720 

6722 

6720 

a" 

6930 

6927 


i . 

6944 

6946 

. 6941 

a" 

6982 

6980 

6980 

A‘ 

6998 

6998 

6996 

A’' 

7029 

7029 

7025 

A' 

7035 

7035 


a' 

7093 

7093 

TO2 

A*' 

■44 

7105 

7104 

710^ 

a‘' 

7161 

7165 

7160 

a‘ 

9708 

9716 



9748 

9751 



9871 

9876 



9908 

9912 



9995 

10005 



10038 

10042 



10045 

10048 



10156 

10501 

10163 

10449 





Table 3»8 (contd. ..) 


SLJ 


Gaspers 
et al 

-1 


Oarnall 
et al 


( 


cm 


) 


cm 


■) 


Present 

values 

( cm"^) 


Sped es 

(under 0 ) 
s 


16796 
168 20 
16842 


16874 

16873 

1687 2'P 

A« 

16897- 

16893 

16893® 

A'* 


17083 

1708 6'^’ 

A^ 


17183 

17183^ 

a! 


17204 

17191^ 

A<' 

20925 

20927 

20925^' 

A* 

21469 

21453 


A" 

21472 

21475 

21473^'’ 


21476 

21479 

21479*^’ 


4^ 

CO 

21484 

21484'^ 


21486 

21487 


A" 

21504 

21498 



21515 

21516, 


A^ 

21519 

21522 

21520® 

a' 

21524 

21529 


A'‘ 

21534 

21536 


a!' 



71 


3!aDle 3*8 (contd. ...) 


SLJ Gaspers 

et al 

(cirfl) 

Garnall 
et al 

(cm'”^) 

Present 

values 

(om-l) 

Species 

(under 0 ) 
s 

\ , 21547 

21554 

21556^ 

A'" 

21563 

21567 

215 54® 


21579 

21580 

21578'^ 


21605 




22696 

22691 


1 

s. 

22731 

22714 



22744 

22734 



22778 

22772 


a' 

22321 

22819 


A^ 


46986 



Tlie values raarlced 

9 ha.ve 

been obtained from excitation 

spectra. Pest of 

tne values 

given in the 

fourth column 


are obtained from fluorescence spectra. 
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transition is associated with a phonon^ its energy is 
mentioned in that particular row and in the last column 
of the table. In Lal'^sPr^*^ the strongest fluorescing 
level is (J=0) which remains as a singlet even in 

the crystal field. So assignment of representations to 
termina.1 Stark levels to which ^P^ level fluoresces 
is very simple. Electronic transitions are analysed 
first and then the phonons involved in the vibronic 
transitions are analyzed. If a phonon is repeated several 
times consistency in the assigned representations is 
observed. 


3» 6 Fluorescence originating from /P q 


Six fluorescence groups 




0 ■ 

3- 

i '2 ^ ^ are observed at liquid nitrogen temperature. Since 

—1 

the fluorescing level at 20925 cm is a singlet it is 

always represented by under sitSj, by A under 

0 site and by A* under C site. It is to be noted 
d, s 


only • 0 site has been used throughout in the 


that 

armilysis because it is able to explain the fluorescence 

satisfactorily. 0^^ is considered in the analysis of 
3 3 

Pq— to emphasize its failure in the analysis. 
Similarly 0^ is considered in the anal jr sis of ^Pq ^ 

groups to show its failure in explaining those transitions. 
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Table 3.9 

Fluorescence of Pr^"^ in LaF^ at IFT 

3 



tt: 

Electric 

vector parallel 

to c-axis 



a 

Electric 

vector 

perpendicular to c- 

axis 


E 

Electric 

dipole 

trans it ion 



M 

Magnetic 

dipole 

transition 


Wavelength 

Energy 

Int. 

Pol. Eat. 

Transition 

(S) 


(cm"^) 



Initial 

Final 

4595.7 


21753 



21564+189 

0 

4642. 4 


21535 



21536 

0 

4656.1 


21471 



21498 

0+27 

4663. 2 


21439 



21498 

60 

4668.8 


21415 



21473 

60 

4686.5 


21332 



21473 

0+141 

4701.0 


21266 



21483 

136+81 

4728.9 


21141 



21458 

317 

4735.1 


21113 



21434 

317+54 

4743.1 


21077 



21458 

298+83 

4748. 2 


21055 



21473 

317+101 

4761.5 


20996 



21493 

504 

4768.8 


20964 



21458 

296+198 

4773.6 


20943 



21473 

504+26 

4778.6 


209 21 


a E 

20925 

0(4) 

4791. 5 ■ 


20865 

s 

7t( o ) ' M 

20925 

60 

4809.0 


20789 

s 

TC ( O' ) M 

20925 

136 

4823.1 


20723 

m 

n M 

20925 

197 

4324.7 


20721 

m 

Tt M 

20925 

204 

4831. S'P 


20690 


a E 

209 25 

136+99 
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Table 3.9 

( contd. . . 






V/ave length 

Energy 

Int, 

Pol* 

Nat. 

Transition 

(i) 





Initial 

Einal 

4838. 3^ 

20663 


a 

E 

20925 

204+58 







136+126 

4846.3 

20629 

s 

a 

B 

20925 

296 

. 4851.1 

20608 

s 

a 

E 

20925 

317 

4856.5 

20585 

s 

a 

E 

20925 

197+143 

4866.0 

20545 


a 

E 

209 25 

204+176 

4872.1 

20519 


a 

E 

20925 

136+270 

4876.0 

20503 




20925 

197+225 

4880.0 

20486 



E 

209 25 

298+141 

4835.7^ 

20462 


% 


20925 

317+146 

4895.6 

20421 

s 

%a 

MB 

20925 

504 

5156.6 

19387 

w 

a 

E 

21564 

2181 

5169.1 

19340 

vv 

% 


21520 

2181 

5181.8 

19293 

'W 



21520 

2230 

5194.0 

19248 

w 



21479 

2230 : 

5202.3 

19 217 

vv 

a 


22516 

2298 

5216.4 

19165 

vw 

% 

M 

21520 

2356 i 

5229. 4 

19117 

w 

a 

lii 

215.78 

24;61 

5 240.0 

19079 

vv 

a 

E 

21536 

2457 

5 25 2. 8 

19032 

vv 

% 

M 

21493 

2469 

5269.6 

18971 

w 



21536 

2567 

5 276.9 

18945 

w 

% 


21516 

2567 

5 287.3 

18908 

w 

n 


21473 

2567 

5 293. 2 

18887 

V"V 

a 


21458 

2567 

5335.5 

18744 

m 

a 

E 

20925 

2181 

5347. 6 

18695 

vw 

a 

E 

20925 

2230 

5359.8'? 

18652 

vw 

a 

E 

20925 

2273 

5369. 2 

186 20 

m 

% 

M 

20925 

2305 
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Table 3.9 (contd. ...) 


Lvelength 

Energy 

Int. 

Pol, 

iTat 

Transition 

(i) 

( cm“^) 




Initial 

Final 

5384. 3 

18567 

¥ 

% 

M 

20925 

2358 

5389.7 

18549 


% 

M 

20925 

2230+146 

5397.7? 

18521 


a 

E 

20925 

2305+99 

5405. 3 

18495 


% 

M 

20925 

2430 

5409.9 

18479 ■ 

¥ 

% 

M 

20925 

2305+141 

5415. 8^^ 

18466 

¥ 

% 

M 

20925 

2459 

5418.7^' 

18449 


a 

E 

20925 

2230+246 

5427. o'? 

18421 


% 

M 

20925 

2358+146 

5432.9'^ , 

18401 


TC 

E 

20925 

2469+55 

5442.9^ 

18367 


TC 

M 

20925 

2358+200 

5466. 3^ 

18289 


71 : 

M 

20925 

2469+167 

5985.4 

16703 

S 

a 

JUJ 

20925 

422:2 

6001.0 

16659 

S 

Tua 

I'E 

20925 

4266 

6014. 3 

166 22 

m 

a 

1 

20925 

4303 

6019. 0'P 

16609 




20925 

422:2+94 

6043.5 

16542 

¥ 

% 

M 

20925 

4333 

6u57. o'P 

16505 


a 

E 

20925 

4266-H54 

6065.7 

1648 2 

■V¥ 

0 % 


20925 

4443 

6074. 6® 

16457 


a 

Ir 

20925+55 

4523 

6082.0 

16437 


a 

B 

209 25 

4383+105 

6089.0 

16419 

m 

%{a^ 

VL^ 

20925 

450 6 

6095.0 

16402 

la 

■ 

i-’L 

' 20925 

4523 

6105.5 

16374 

m 

% 

M 

20925 

4551 

6116 . 9 

16344 

m 

% 

M 

20925 

4581 

6122.3 

16329 

m 

n 

M 

20925 

45'96 

6126. 5 

16 318 




20925 

4558+49 

6137. 6*? 

16289 




20925 

4558+78 

6149.1 

16258 

m 

a. 

E 

209 25 

4667 

6189.2 

16153 

¥ 

% 

M 

20925 

4667+105. 
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Table 3.9 

( contd. . . 

.) 





Wavelength 

Energy 

Int. 

Pol. 

hat. 

Transition 

Ui; 

( cm”^ ) 




Initial 

Final 

6309 . 7 '^ 

15844 




209 25+55 

5136 

6331.7 

15789 

w 

0(71;) 

B 

20925 

5136 

6350 . 3 

15743 

w 

0 

TT' 

0 

20925 

518 2 

6357.3 

15726 

w 

0(ti:) 

E 

20925 

5199 

6368.6^ 

15698 


Ti; 

E 

20925 

5199+28 

CO 

CO 

VO 

15649 

¥ 

ain) 

E 

20925 

5 276 

6408.7 

15599 

V^VI 

a 

1 

22691 

7092 

6415.7 

15582 

ah 

n 


22691 

( 7109 ) 

6421.8 

15568 


a 

B 

22734 

(7165) 

6430,1 

15548 

V¥ 

0 

B 

22714 

(7165) 

6442.8 

15517 

V¥ 

TC0 


22691 

7092+81 

6450. 3 

15499 

V¥ 

% 

M 

22691 

7092+100 

6454.3 

15/189 

V¥ 

'n:(cj) 


22691 

7104+98' 

646 2. 0 

15471 

V¥ 

071: 


22691 

(7165) +5 5 

6469.9 

1545 2 

VU 

0 

E 

21564+340 

6453 

6481,1 

15425 

V¥ 

n(a) 

H 

21578+300 

6453 

6487. 6 

15410 

VXf 

a 

E 

215 20+340 

6453 

6 49 6 . 1 

, 15390 

vw 

% 

i‘i 

21529+315 

6453 

6501.1 

15378 

V¥ 

an 


21578+298 

6498 

6507.7 

15362 

V¥ 

a 

E 

21520+340 

6498 

6514.7 

15346 

V¥ 



21529+315 

6498 

6519. 5 

15334 

V¥ 

a 

JJ 

21516+315 

6498 

6533. 3 

15302 

VX-7 

071 


21564+340 

6602 

6542.7 

15280 

sh 

71 

M 

21556+313 

6589 

6570.1 

15 216 

V¥ 

a 

B 

21487+318 

6589 

6908. 0 

14472 

T¥ 

% 

M 

209 25 

6453 

6925.1"^ 

14436 

T'T 

a 

B 

209 25 

6489 

6929. 4 

14427 

¥ 

% 

M 

20925 

6498 

6973.5 

14336 

V¥ 

% 

M 

20925 

6589 
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Wavelength 

linergy 

Int, 

Pol. 

Nat. 

Transition 

(i) 

( cm"^ ) 




Initial 

Pinal 

6986. 3^^ 

14310 

“VW 

ii; 


209 25 

6453+162 

7005.7*’^ 

14270 

w 

TC 


20925 

6602+53 

7025. 6^ 

14230 

w 

IT 


209 25 

6498+197 

7038.0 

14205 

vw 

a 

B 

20925 

6720 

7062. 0 

14155 

w 

7C 


20925 

6602+168 

7069. 0*? 

14142 

w 

n; 


20925 

6589+194 

7075. 2 ^ 

14130 

w 

Ji: 


20925 

6489+306 

7081. ri’ 

14118 

w 

TC 


20925 

6489+318 

7094. 5^^ 

14092 

w 

Ti: 


20925 

6720+113 

7149.3 

13984 

w 

cr 

E 

20925 

6941 

7169.3 

13945 

w 

TC 

M 

20925 

6980 

7177.1^ 

139 29 

vw 

cr 

E 

20925 

6996 

7192.3 

13900 

s 

IX 

M 

20925 

7025 

7232.8 

13822 

w 

a 

1 

209 25 

7103 

7262.8 

13765 

w 


M 

20925 

7160 

7296. 2^ 

13702 


7X 


20925 

7160+63 

7312. 2^ 

13672 




20925 

7103+150 

7333. 6''^’ 

13632 




20925 

7103+190 

7345. 7*? 

13610 




209 25 

7160+155 

7367. 3^ 

13570 




20925 

7160+195 

7428. 7*? 

13458 


TX 


20925 

7160+307 

7470. l^P 

13383 


a 


20925 

7160+382 


Tlie wavelengths marked cp and fluorescence originating from 
and 2 and terminating in ^ and ^ 

levels are not observed in this laboratory. These are taken 
from the unpublished work of Professor Venkateswarlu. Rest of 
■feEe lines are observed by me and Venkateswarlu. 





> JL 

m 

moderate 

w 

very very weak 

w 

weak 

sh 

shoulder 

s 

strong 

vw 

very weak 
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3.6 (l) F luorescence terminating: in -^H 


This level splits into 9 components in the 
crystal field. The Stark levels are represented hy 
5A* + 4A'* under 0^ site, and hy 3.^+ + 2B^+ 22^ 

under 0 ^^ site. This observed fluorescence group falls 
in the region 4778-4897 %. (Fig, 3.4 and 3.5). In this 
group the transitions at 4778.6 S. (20921 cm~^), 4846.3 & 
( 2062 s) and 4851.1 2. ( 2 O 6 O 8 cm~^) are o-polarized and 
electric dipole (l. D. ) in nature. The terminal levels of 
these transitions at 0,296 and 317 cm are represented 
by A 2 _(B^) under site and by A.'' under site. 

The transitions at 4823.1 (20728) and 4824.7 i (20721 cm”^) 
are Tt-polarized and magnetic dipole (K. D, ) in nature. 

The terminal levels of these transitions at 197 and 204 cm~^ 
are represented by (^ 2 ^ under 82 ^ site and by 

under 0 site. The transitions at 4781.5'"^ S (20865), 

4809'? i (20789) and 4865.6 S (20421 cm"^) are having 
both TC-polarized and a-polarized components, it-polarization 
being strong. These transitions are observed in the axial 
spectrum also. It is assumed that these transitions 


9 The weak o~components of 4791.5 and 4809 ^ may arise 

due to erratic optics also. Even then there wouldn't be 
any change in species assignment under G symmetfy. 

Again G^^ site fails to explain the ^4 

0^ site symmetry also fails to explain this gTOUp,becaus^ 
seven levels transform as A where as only fi'ie levels 
are allowed to be A, group theoretically. 



Exc 

Slit 

Rar 



£'9V8V a 
ri99v ^ 
S'9S8^ ^ 









m 



Partial energy level dkigram of LaF3: Pr showing the 
fluorescence transition group^^^^^^ at LNT; 
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are allowed by strong M. D. and weak B. D. moments. Under 
G site the terminal levels at 60,136 and 504 are 

represented by A- . 02^ site cannot account for double 

polarization even if the transitions are to be allowed by 
B. D. and M, D. between the same levels. So the possibility 
of vibronic levels coinciding with the terminal Stark 
levels of the above transitions has been considered. Since 
the vibronic transitions are generally weak, it is assumed 
that the strong Tr-polarization is appearing only due to 
pure electronic transition. So the Stark levels at 60,136 
and 504 cm”^ are represented by ^ 2 (^ 2 ^ under 02^ site. 

So far five levels are assigned with species whereas 

only four are allowed group theoretically. This supports 
the failure of 02^. site in explaining the 
group. So far five levels are assigned with A* and 
three with A^^ . Theref ore, the hitherto unassigned level 
at 76 cm'*^ is represented by a‘* under 0^ site, V/ith 
this, species assignment to all the Stark levels is over. 
Bow, vibronic lines are analysed. 

In fluorescence mostly vibronic transitions 
are observed on low energy side and are weak in intensity. 
The vibronic transitions at 4831.8 ( 20690), 4838.3 ( 20663), 
4856. 5 (20585), 4866 (20545) and 487 2. lS( 20519 . cnri) are cr- 
polarized and B. U. in nature. The Stark levels associated 
with these transitions have been already assigned with 
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species. The phonons involved in the above transitions 
respectively at 99,58,143? 176 and 270 cm“^ are represented 
by A^‘ . The vibronio transition at 4880 S. (20486 cm*"^) 
is Ti-polarized and not observed in the axial spectrum 
(E.D. ). The phonon at 143 cm”^ coupled to the lower Stark 
level of this transition is an a!' since the Stark 
level at 296 cm~^ is 'also an A-* . . 

(2) Fluorescence terniinating in 

This level splits into 11 components in 
the crystal field. The Stark levels are represented by 
5 A* + 6A*^ . The fluorescence group falls in the region 
5333-5466 i (Fig. 3. 6 and 3.7). The transitions at 5333.5 
(18744), 5347.6 (18695), and 5359.8 i (18652 cm~^) are 
cr-polarized and E.D. in nature. Therefore their terminal 
levels at 2181, 2230 and 2273 cm~^ are represented by A^^ . 

The transitions at 5369.2 (18620), 5384.3 (18567), 5405.3 
(18495) and 5413.8 S (18466 cm""^) are Tu-polarized and 
M. D. in nature. So their terminal levels at 2305, 2358, 

2430 and 2459 are represented by A^ . The transition 

at 5432.9 S (18401 cm“^) is ic-polarized and E.D. in nature. 
But the phonon at 55 cm~^ is an (will be known from the 

analysis of 6074.6 S line), consequently the Stark level at 
2469 cm“^ is an A^ . The Stark level at 2298 cm"^ is an 
A** (known after a,nalysing the 6874.9 & transition of 
^D^ group). The Stark level at 2412 cm“^ is known Ito 




Excitation 4645. 
Slit width 50 fJ 
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be A" (from tsbie amljrgis ae 5248.4 S, Fig. 3.17» see the 
'SeGtlon 3. 8 j page 100} so far four levels are assigned 
>jith and six with A"* . Therefore the level at 

2567 cm is represented by A- . Rest of the transitions 
in this group are vibronic. They are easily understood 
from the table. 

(^•BjiFluo resce n ce t e rminating in 

The level splits into 13 components in the 

crj^stal field. The Stark levels are represented by lA + 6 a 

under 0 symmetry. The fluorescence gxoup falls in the 
s 

region 5985-6189 i (Fig. 3.8 and 3,9). The transitions at 
5985.4 (16703), 6014.3 (16622) and 6149.1 i (16258 cm"^) 
are a~polarized and E. D. in nature. The terminal levels 
of these transitions at 4222^ 4303 and ' 4667 cm~^ are 
represented by A** . The transitions at 6043.5 (16542), 

6095 ^(16402 om“^), 6105.5 (16374), 6116.9 (16344) and 

6122. 3 A (16329 cia~^) are % polarized and M. D. in nature. 

So their terminal stark levels at 4383, 4523, 4551, 4581 
and 4596 cm”"^ are represented by At The transitions at 
6001 S (16659 cm"^) and 6089 i (16419 cm"^) are having both 
the polarizations and observed in the axial spectrum also. 

The transition at 6001 S'? (l6659 cm~^) is very sharp and is 
terminating in the level at 4266 cm"^. To explain the 
multiple polarization under site the possibility of a 

vibronic level coinciding with that Stark level was considered. 



Excitation 4645.8 A 
Slit width 50 /J 
Range 3x1(j8,ixia®amp 
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¥e did not find anjf phonon(7,18--20) that could explain the 
observed transition. ' So site fails to explain the 

6001 £ transition. Under C site the multiple polariza- 
tion of 6001 S and 6089 S is explained easily. Since 
the 71 polarization is stronger these transitions are 
considered to be allowed by both E. D. and M. D. The 
terminal levels of these transitions at 4266 and 4506 cm""^ 
are represented by . The phonon at 154 cm“^ involved 
in the transition at 6057 S (16505 cm~^) is represented 
by h!' because the Stark level at 4266 cm“^ is an A' . 

The phonon at 55 cm~^ involved in 6074.6 £ (16457 cm“^) 
transition is aht'A*' because the other two levels are of 
type species. Similarly, the phonon at 105 cm“^ 
involved in the 608 2 % (16457 cm“^) transition is an A*^ . 

( 4 ) Pl u o res cenc e t ermin a t ing in ^ 

The level splits into 5 comj)onents in the 
crystal field. The levels transfoi*m as 3A* + 2A** under 0 

s 

site. The fluorescence group falls in the region 65IO- 

6588 S (Fig. 3.10 and 3.11). Ihe transitions at 6331.7 

(15789), 6557.3 (15726) and 6588.4 2 . (15649 cm”^) are 

having medium intense cr-polarized, and less intense ti- 

polarized components. But the transition at 6550.5 2 
—.1 

(15743 cm“ ) is cr-polarized. All these transitions occur 
in axial spectrum also. This suggests that these transitions 
are allowed by pure E. D. Therefore the terminal Stark levels 



30 



Excitation 4580 A 
Slit width 300x400x200/i 
Range 3x10®amp 





20925 A 
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of these transitions at 5136, 5195 and 5276 cm“^ are- 

and the other two Stark components at 5182 and 5280 cm~^ 
are of 

( 5 ) Fluorescence terminating in 

This level splits into 7 components in the 
crystal field. The components are represented hy 3A^ + 
under G site and 3A + 4B under C„ site*^. This 

O CA 

group falls in the region 6908-7095 S (Fig. 3.12). The 
transitions at 6908 ( 14472 ), 6929.4 (14427) and 6973.5 S. 

(14336 cm”^) are m polarized and M, D. in nature. So 
their terminal Stark levels at 6453 > 6498 and 6589 cm""^ 
are represented by A^ under 0^ site and by A under 0^ 
site. The transitions at 6925.1 (14436) and 7038 2. 

( 142 O 5 cm""^) are cr-polarized and E. I), in nature. Their 
lower levels at 6489 and 6720 cm’”^ are represented A^^ 
under 0 site and by A under G„ site. From the 
above analysis it is seen that five levels are represented 
by A whereas three are allowed group theoretically. This 
shows that 0^ site fails to explain this fluorescence group. 
Under 0^ site^ so far, 3 levels have been assigned with 
A^ and 2 with A'^ . Therefore the remaining two levels at 
6602 and 6622 cm~^. hitherto left unassigned are represented 

9 Earlier 'under salient features ' the failure of O 2 site 
has been mentioned. So site is considered here to show 
its failure in explaining the and 

groups of lines in fluorescence. 
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by . The transitions at 7081.1 (141I8) and 7094.5 £ 
(14092 cm"-) are % polarized and not observ'ed in a- 
polarization. Axial spectrum was not recorded. Even then 
the terminal levels of those transitions are fixed to 
be £>} because a it-polarization (b\r E. D. and by M. D. ) 
can occur only when the terminal level is an A* . But 
the Stark levels at 6489 and 6720 cm”^ are , Therefore 
the phonons coupled to those levels at 3I8 and 115 are 

represented by A** . 

( 8 ) Fluorescence terminating in 

The level splits into 9 components in 

the ciystal field. The Stark levels are represented by 

5A* + under G site and by 5A + 4B under 0^ site. 

The fluorescence group falls in the region 7149-.7470 £ 

(Fig, 3.13 and 3.14). The transitions at 7149.3 (13984) 

7177.1 (13929) and 7232.8 £ (13822 cm”"') are o-polarized 

and 1. D. in nature. So their lower levels at 6941, 6996 and 

7103 cm~^ are represented by under C site and by 

s 

A under site. The transitions at 7169.3 (13945) 

7192.3 (13900), and 7262.8 £ (13765 cnf^) are n-polarized 
and M. B. in nature. Their lower levels at 6980, 7025 and 
7160 cm“^ are represented by A^ under C site and by 
A under G^ site. Only five levels are to be of A type 
species under O2 site T^ere as 6 levels are represented by 
A in the above analysis. So 0^ site fails to explain this 
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by the 340 cm~^ phonon coupled to the fluorescing 
level of the transition is represented bjr . The 
transition at 6487.6 %. (15410 cm'~^) is cr-polarized and 
E, D. in nature. The fluoi'escing Stark level of this 
transition at 21520 cm~^ is repi’esented by A- since the 
level at 6453 is an PJ and the phonon at 340 cm""^ is an 
A^* . The 6496,1 2 . (15390 cm~^) transition is TT-polarized 
and M. D. in nature. Since the phonon at 315 cm”^ is A^^, 
the Stark level at 21529 cm"*^ is an . The transition 
at 6519.5 & (15334 cm"^) is cr polarized and E. D. in 
nature. But the Stark level at 6498 cm""^ is an and 
the phonon at 315 cm~^ is A^' . Consequently, the Stark 
level at 21516 cm""^ is represented by A^ . The transition 
at 6542.7 1 (15230 cm”^) is 7c-polarized and M. D. in nature. 

But the Stark level at 6589 cm is an A' ^ and the 313 
phonon is an A^^ . Therefore the fluorescing level at 
21556 cm~^ is represented by A^ . The 6570.1 S, (15216 cm 
is cr~polarized and E. D. in nature. Its terminal level is 
an p! and the phonon coupled to the upper level is an A'^. 

This suggests that the Stark level at 21487 cm”^ is an aL 
The terminal Stark level of the 5240 S. (19079 cm”^) transition 
at 2457 cm”^ is an A^ and therefore the fluorescing Stark 
level at 21536 cm~^ is an A’^ . 
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3*8 Ro o m temperature fluore s cence 
The fluorescence groups 

and (^Ig) in the regions 5763 ’•■58 24 S. and 

6625-6893 i are oh served only at room temperature and are 

given in Table 3.10 and shown in PigS.3.l6a ahd %X&i. Even the 

fluorescence transitions in the regions 5156-5293 ^ 

(^P^(^Ig)-^ and 6443-6570 % (^P^(^Ig) are 

± 

observed only at room temperature in this laboratory . 
(Fluorescence in the region 6625-6893- ^ has been published 
by Venkat eswarlu [36] earlier.). This suggests that there 
is fast relaxation at liquid nitrogen temperature from 
(or phonon coupled levels of 'bo ^Pq level. At 

room temperature the population of ^P^(^Ig) levels from 
Pq level by thermalization is also considerable. It is 
interesting to take into account the relative intensities 
of the fluorescence groups. The' intensity of the group 
•^P^( Ig) — ^ is weaker than tnat of ^Pq-^ But 

the intensity of the groups is greater 

or at least comparable to that of ^Pq — ^3 (Pig, 3.17). 

9 or from the phonon coupled levels of Pq. 

t But under GW Ax'*" laser excitation these two groups of lines 
have been observed by Prof. P, Venkatesvjarlu even at LFT, 

So these two groups of transitions are analysed under IWT 
fluorescence. 

■f The groups ^P 2 _ (^Ig) — ^ ^2 


are not observed. 
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Table 3.10 

Fluorescence of Pr^'*' in LaP^ observed only at RT 
Wavelengtla V/avenumber Pol Transition 


(&) 

( cm“^ ) 


Initial 

Pinal 

5189.0 

19266 

TC 

21498 

2252 

5218.0 

19159 

% 

21458 

2298 

5248.4 

19048 

% 

21458 

2412 

5255.9 

19028 


21458 

2450 

5264.0 

18992 


21458 

2466 

5765.4 

17546 


21556+55 

4266 

5784. 2 

17284 

an 

21556 

4222+50 

5808. 0 

17215 

n 

21516 

4505 

5825.8 

17166 

n 

21573+51 

4445 

6625,4 

15089 


a578 

6489 

6649.4 

15055 


a556 

6498 

6655. 6 

15021 


a5i6 

6498 

6660. 6 

15010 

% 

21458 

6448 

6680.1 

14966 


21556 

6489 

6700.5 

14920 


21520 

6600 

6704. 2 

14912 

%a 

21516 

6604 

6722.5 

14871 

n 

21458 

6587 

6755.9 

14302 

n 

21564 

6622+140 

6760.5 

14788 


20925+516 

6455 

6769.8 

14767 


20925+295 

6455 

6780.2 

14745 


20925+275 

6455 

6783.1 

14728 


20925+292 

6489 

6794.5 

14714 


20925+242 

6455 

68-31. 5 

14654 


20925+198 

6489 

6886.5 

14518 


20925+82 

6489 

6889.6 

14511 


20925+76 

6489 

6895.0 

14505 

na 

20925+76 

6498 

6912.2 

14465 


20925+27 

6489 
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These observations support Ofelt's [5->J theory on the 
intensity of the crystal spectra. The transition at 
5189.0 (19266), 5218 (19159) and 5248.4 % (19048 cm"^) 
are 7C-polarized and M. h. in nature. Their initial and 
final levels are shown in Table 3.10, The level at 21498 
cm”^ is an since the terminal level of that transition 
at 2230 cm""^ is an . The level at 21458 cm”^ is an 
since the terminal level of 5218 S. at 2298 cm”^ is 
an . The terminal level of 5248.4 2. at 2412 cm”^ is 
an A-^ since the fluorescing level at 21458 cm"’^ is an k’- . 
The explanation for the other transitions is not given and 
they are understood from the table. 

. 9 fluorescence originating from (LHT) 


This level splits into 5 components in the 

crystal field. The Stark components are represented by 

3A^ + 2A**^ under 0 site. The fluorescence group falls 

s 

in the region 64O8-6462 S (fig. 3.15). This fluorescence 

O “I" 

group is observed only vhen 4580 .1 line of Ar laser is 
used in exciting the crystal. The transitions at 6421.8 A 
(15568 cm~^) and 6430.1 £ (15548 cm“^) are cr~polarized and 
E. D, in nature. , -hey are terminating in the same Stark (^f^) 
level at 716O (73: :,5)cm“^ (£ ) . So, their fluorescing 


(initial) Stark 
by A^‘ . Since t! 
the remaining tt ^ 


ipels at 22734 and 2271 4 cm” are represented 
levels are already assigned with A*’^ 


e Stark levels at 22691, 22llland 22819 cm 


-1 
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are represented bj?- . The tx-ansition at 6408.7 S 
is ff- polarized and M. D. in nature (not observed in axial 
spectrum). The fluorescing Stark level of this transition 
at 22691 cm“^ is an a! . So its terminal Stark level at 
7092 cm"*^ is of type species. 

3.10 Resonance fluorescence from Stark multinlet 

This level splits into 5 components in the 

crystal field. The Stark components are represented by 

3A^ + 2A*^ under 0^ symmetiy, When levels 

are excited no fluorescence is observed from multiplet, 

fluorescence is observed from multiplet on resonant 

excitation. Four groups of lines 12 ' (Fi^.3.18 and 

3 . 19 ), (Figs. 3.20 and 3. 2l), ^^ 2 and 

1 — ^ 3 

are observed in fluorescence, respectively 
in the regions 5811-6108 6793-6923 S, 7888-8191 1 

and 85O3-86I8 %. But there is a change in spin multiplicity 
in the transitions ^ ^ r and Such 

transitions are forbidden in the pure Russel-Saunders cou- 
pling. But in the intermediate coupling, states with the 
same J value may be coupled, consequently 1 and S are 
no longer good quantum numbers. 80 , the fluorescence 
emission originating from ^^2 levels and terminating 

■Z *7 

in ^ g and '^F 2 levels is due to the possible J- 

mixing of wave functions. Consequently we can express the 
state function of the 



state as 



Table 3.11 
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Resonance Fluorescence from ^ 1)2 levels 


Wavelength Wavenumber Int. Pol. Rat. Transition 


(i) 

(cm~^) 




Initial 

Final 

5811 

17204 

vw 



17204 

0 

5841.6 

17114 

vu 



? 

? 

5846.9 

17098 

vw 



17204 

0+106 

5874.7 

17017 

vw 



17183 

0+166 

5917.9 

16893 

'W 

% 

M 

16893 

0 

5920.7, 

16885 

w 

Ti; 

M 

17086 

204 

5939.0 

16833 

m 

a 

E ■ 

16893 

60 

5946.4 

16812 

m 

a 

B 

16872 

60 

5953.8 

16791 




16872 

(81) 

5975.1 

16731 

m 

% 

B 

16872 

(141) 

5999.2 

16664 

s 

%a 

M 

16872 

(208) 

6023.8 

16596 




16893 

296 

6030.7 

16577 




16872 

296 

6035.0 

16565 

w 

% 

E 

16893 

317 

6039. 2 

16554 

w 

% 

E 

16872 

317 

6108. 0 

16367 

w 

( y % 

EM 

16872 

504 

6793. 2 

14717 

vw 

% 

M 

16893 

(2181) 

6801. 4 

14699 

vw 

% 

M 

16872 

(2181) 

6817.7 

14664 

vw 



16893 

2230 

6827. 2 

14643 

vw 



16872 

2230 

6849.9 

14595 

vw 

% 

M 

16893 

2298 

6852.5 

14589 

vw 



16893 

2305 

6885.9 

14518 

w 

%a 

ME 

16872 

2356 
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Table 3- 11 ( c ont d ) 


¥avel ength 

(i) 

Wavenumber 

(cm“^) 

Int . Pol . Hat . 

Transition 

Initial Final 

6906,7 

14475 

vw 

16872 

2298+99 

6914.4 

14459 

vw 

16872 

16893 

2412 

2432 

6923.3 

14440 

vw 

16872 

16393 

2432 

(2453) 

7539.8 

13259 

w 

? 

* 

7561.8 

13221 

w 

? 

9 

7574.7 

13198 


? 

2 

7888. 0 

12674 

m 

16893 

4221 

7929.4 

12608 

m 

16872 

4266 

8000. 4 - 

12496 

w 

17086 

4590 

806 2.8 

12399 

w 

17183 

4785 

8116.7 

12317 

vv 

16893 

4303+273 

8190.5 . 

12206 

w 

16893 

,4443+144 

8503.1 

11757 

vv 

16893 

5136 

8536.4 

11711 

w 

16893 

5182 

3566, 9 

11670 

vv 

16872 

5199 

8605.9 

11617 

vv 

16893 

5276 

8617. 6 

11601 

w 

16872 

5276 


s 

strong 

w 

very very 

weak 

m 

moderate 

E 

electric 

dipole 

w 

vw 

weak 

very weak 

M 

magnetic 

dipole 






5811.0 

5846.9 



Kf.-);?;;- 






17086A 


16893 A 
16872 A' 


tp cn O C30 O '4 OO »- rsi f.. q 

i:5 2 cr> ro ID cn» o cn co 

^ CM fv, ^ lO Cn tr^ CD 

coco cn cn cn OO ■ <n cn m cr, q 

m tD ID ID to CD to iD ID tn tD <LO u? CO 




Excitation 5< 
Slit width 4 


m 



L'LISS 


Z’LZ8S 


6-6V89 

S'2S89 


6*9889 







17086 A 


16893 A 
1687? A' 
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where the sum of the ©iijahres; -the coefficieJita;»ai)3 and c is i 
Therefore, these transitions are weak and their intensities 
would depend on the amo^mt of mixing, that is on the 
magnitude of the coefficients a, b and c. 


Based on fluorescence originating from 
levels, representations of ^ g and ^2 3 4 

multiplets have been already assigned. Species assign- | 

1 i 

ment is made to ©2 levels after analysing the fluorescencej 

originating from these (^^2) levels. The transition 

5917.9 i (16893 cm“^) is it-polarized and M. B. in nature. 

Its terminal level at 0 cm“^ is represented by under 

0^ symmetry and by A^(B^) under 02^ symmetry. So, the 

fluorescing Stark level at 16893 cm""^ is under 0 

o 

site and under G2^ site. The transition 5946.4 2. 

(I68I2 cm“^) is o-polarized and E. B. in nature. Its 

terminal level at 60 cm“^ is A* under 0^ site and 

under 0^^ site. Therefore, the fluorescing Stark level 

at 16872 cm"^ is represented by A*' under 0 site and 

by under 02^ site. The transition at 5975.1 2 

••1 

(16731 cm’* ) is n-polarized. Its terminal level at I36 
(141) cm""^ is an A* under site and an A2(B2) under 

0^^ aite. The initial level of this transition at 
16872 cm"*^ is an A^ under 0^ site and A2(B2) under 
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0^ site. Under site n:-polarization is possible 

from to A' but under 0^^ site x-polarization is 

not possible from to ApCS^). So, 0^ site 

symnietr^r fails to explain the two transitions at 5946.4 S- 
and 5975.1 S. with their observed polarization. The 
transition at 5920.7 2 . (16885 cm~^) is it-polarized and 
M. D. in nature. Its terminal level at 204 cm~^ is an A* . 
Therefore the Stark level at 17086 cm”'^ is represented 
by AJ , Since the two levels are already assigned with 
A and one level -vri-th A' , the remaining two levels at 
17183 cm and 17204 cm” are represented by . The 
transition at 6849.9 i (14595 cm“^) is Tc-polarized and 
M. D. Its terminal level at 2298 cm“^ is an since the 
initial level at 16893 cm”^ is also an .. 

Other fluorescence transitions from ^ 1)2 
levels to lower multiplets are not dealt in detail to 
avoid repetition. The Stark levels involved in these 
transitions are already assigned witn irreducible repre- 
sentations. So, they are easily understood from Table 
3.11. 

3 . 11 E xcitation spectra 

Excitation spectrum has been recorded for 
atleast one fluorescence line of each group. The structure 
and relative intensity of different peaks in all the 
excitation spectra have remained the same for fluorescence 








4 


’U’ 
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Table 3.12 

excitation Transitions of 

at LM ^ 


Wavelength 

Wavenumbe r 


Transition 

(2) 

(cm"^) 

Initial 

Final 

4636 . 1 

21564 

0 

21564 

4645.8 

21519 

0 

21519 

4657.4 

21465 

? 

9 

4667. 0 

21421 

57 

a 478 

4672.7 

21395 

76 

21471 

4685.1 

21338 

136 

21474 

4698.0 

21280 

195 

21475 

4777.6 

20925 

0 

20925 

4790.7 

20868 

57 

20925 

4807. 6 

20795 

9 

? 


Table 3-13 

Excitation Transitions of laE^sPr^'^at LNT 


Wavelength. Wavenumber Transition 


(i) 

( cm”^) 

Initial 

Final (^^ 2 ^ 

5815.3 

17191 

? 

9 

5851.3 

17086 

0 

17086 

5885. 0 

16938 

195 

17183 

5918.0 

16893 

0 

16893 

5937.5 

16837 

57 ' 

16894 

5945.3 

16815 

57 

16872 



76 

16891 


Hole: For the initial levels, the values reported 

by Garnall et al. [ 4 ] have been used. 



S'eigv 



SHSSV 


I'eegv 

8US9t 


4'S99^ 


4 VZQ^f 


iii 


3.24 Excitation spectrum of 5218 A showing transitions from 
H 4 to levels at RT. 
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Table 3.14 

I5) Excitation Transitions of laP^sPr^'^at ET 


Wavelength 

Wavenumber 


Transition 

(S) 

( cm“^) 

7 ? 

Initial( 

i^) Einal 

4495. 6 

22238 

0 

21564+3,37x2 

4513. 5 

22150 

0 

21564+293x2 

4531.5 

22062 

0 

21578+242x2 

4547.3 

21985 

0 

21578 +203x2 

4551.5 

21965 

0 

a578 +193x2 

4563.1 

21909 

0 

21564 + 345 

4581.8 

21819 

0 

21578 + 241 

4599.7 

21734 

0 

a578 + 156 

4616.0 

21658 

0 

a578 + 80 

4633.1 

a578 

0 

a578 

4637.8 

21556 

0 

21556 

4649.5 

21502 

76 

21578 

4665.7 

21427 

57 

2148 4 

4632.1 

21352 

204 

Z135S 

4698.8 

21276 

204 

21480 

4715.9 

21199 

322 

21521 
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lines emanating from a particular level. To avoid 

repetition, excitation spectra of only two transitions, 

4791.5 2 . ( 20865 cm”^) originating from ^j?q level and 

7529.4 (12608 cm ) originating from '^^2 

given in Pig. 3.22 and 3.23. Tde transitions from ground 

levels to the upper levels are identified and are given 

in Tables 3.12 and 3.15. The excitation spectra revealed 

some of the levels of ^Pq, and ^©2 le'^els. 

Similarl3r, at room temperature excitation spectrum has 

been recorded for atleast one fluorescence line of each 

group. Excitation spectrum of 5218 S (19159 cm transition 

is shown in'’'Eig. 3. 24. The transitions corresponding to 

all the peaks have been identified and are given in Table 

3.14. The levels that are identified from the above spectra 

are compared with those of Caspers et al [ 3 ] and Carnall 

et al [4 ] in Table 3. -8, Prom the table it is seen that 

the values obtained b\- all the workers for the '’^Pq and 

'^P^( Ig) energy levels are in fairl;/ good agreement among 

themselves within their experimental errors. But among 

D2 level energies there is large disci-epancy. There is close 

agreement among all the workers only for two levels at 

16872 and 16893 cm“^ . But energy values obtained in the 

present studjr for four levels of this multiplet are closely 

agreeing with those obtained bj/ Oarnall et al[4] . There is 

-•1 

some discrepancy only for one level at (17191 cm” ), iU.1 
the excitation transitions are shown in Pig. 3. 25. 
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3.12 Conclusio n 

The values obtained for the energy levels 
of pp-^ j_p lal’^ from the excitation and fluorescence 
spectra are agreeing with in the experimental errors with 
those of Gaspers et al. and Garnall et -al. (Table 3.8). 

¥e are able to explain the observed polarized fluorescence 
transitions using C site symmetry. The fluorescence 
spectra indicate that there is mixing among the wavef un- 
ctions of the energy levels. It is also observed that 
the -^P^('^Ig) and levels relax very fast to lower 

level(s) at liquid nitrogen temperature. At room 

temperature strong fluorescence is observed even from 
3 1 

Ig) levels. This suggests that the population in 
these levels is significant at room temperature (At room 
temperature thermal popiilation of levels from 

■^Pq is also significant). The intensity of the 
fluorescence spect-ra strongl 3 r supports Ofelt's theory. 
Strong M. D. transitions are observed even for Aj = 6. 

One may expect weak transitions bjr mixing of wavef unctions , 
but the reason for the observed strong M. P. transitions 
is not known. No fluorescence emission arising from 
^^2 multi pie t is observed when levels above that are 


excited. 
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CHAPTIR 4 

EEERGT TRANSFER STUDIES 
ABSTRACT 


One of the radiative traii-sitions of 

in LaF^ at 4791.5 S. of the ^Pq fluorescence 

group is found to he self-ahsorbed in the crystal 

medium itself. Its oscillator strength is estimated 

to he (1.4 + 0.2) X 10“^. When ^Pq and ^P^ O'l^) 

S+ 

levels of Pr-"^ in LaP, are excited no fluorescence is 
observed arising from ^D 2 levels. But under the same 
excitation conditions fluorescence is observed 

in laF^jNd^'^, Pr^"^ and laF^s I^^'^,Pr^’*’ but not in LaP^sHo^''’, 

S4- 1 

Pr-^ . ¥e have found that the emission of D 2 fluorescence 

is due to ion~pair relaxation between Pr*^ and Nd or 

The absence of ^ 1)2 levels fluorescence in 

laP^jHo^*^, Pr^"^ is probably due to the absence of overlap 

between ion- pair transitions of the two ions. 



4.1 Radiative energy tr ansfer 
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4.1.1 G-eneral 

One of the fluorescence lines of the group 

at 4791.5 % is found to be self-absorbed in 
the crystal medium itself. ttien the path -traversed 
by the fluorescence radiation in the crystal medium is 
negligibly small a sin^e line is observed and as the 
distance covered in the crystal medium is increased a 
pronounced double hump is 'observed in place of a single 
line (Rig. 4..1). This is explained as folloxvs. Consider 
two atoms A and B of the same kind, one in the excited 
electronic state , n^ and the other in the ground statcj 
n^. ¥hen the atom in the excited state comes down to the 
ground state the difference in energy is emitted in the 
form of a photon which is in the optical region. If the 
emitting atom is free, the emitted photon energy is 
modified by the recoil of the atom. ^en the fluorescent 
energ;';!' falls on the atom B, the atom B goes from the 
ground state to an excited state whose energy is equal 
to the energy of the incident photon modified by the 
recoil of the atom B. Since the emitting as well as the 
absorbing atoms are embedded in a solid matrix the 
recoil energy is negligibly small then compared to the 
photon energy. Hence this is a kind of resonance radiative 
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energy transfer between the same two levels. 

A matliematical treatment of this phenomenon is 
available from which oscillator strength of the transition 
is estimated. This phenomenon was first observed in gases. 

The double hump nature was termed as self -reversal by 
spectroscopists to distinguish it from s elf~ab sorption. 

In self-reversal the double hump nature is exhibited 
where as in self-absorption the line is completely absent. 

A hypothetical case of self-reversal in gases vjas described 
in detail by Bernheim [ij. Self-reversal usuall3f occurs 
when the lamp is too hot or when there is a high pressure 
of foreign gas present in the lamp. \flaen the excitation 
occurs in the central portion of the lamp the resonance 
light will be absorbed by the unexcited atoms surrounding 
the excitation region. If the excitation is too hot 
the resonance lines will be broadened. This phenomenon 
is serious with Rb, Os and Hg. A theoretical treatment 
of this phenomenon was given by Coxfan and Heke [2j. A 
treatment of tiiis phenomenon in solids was given by Zumar 
et al [3] xfhich is used to evaluate the f-number (oscillator 
strength) of the transition 4791.5 

The crystal is irradiated with a. laser beam 
in the b direction and fluorescence is collected in tha*. 
a direction. By focussing a telescope on the ab face of the 
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crystal the path length of the fluorescence streak (to 
travel before being collected by the monochromator) in 
the crystal is measured using an OSWA (India) horizontal/ 
vertical cathetomot er whose least count is 0.01 mm. 

4.1.2 Oscillator strength (f) 


It is often useful to discuss the strength 
of the transition betxireen two levels in terms of oscillator 
strength [ 4 ] defined as 




1 ( . ■ P 'i H S 
n t .1 i X I > 


I 2 


P is the X- component of the dipole moment 


where 
of the electron . 


y ^ are the wav efxmct ions of the 

j 1 J 1 


two atomic states and tl w-. is the difference of their 

J -L, 


energies. 


4 . 1 . 3 Evaluation of the f-number 

Tfi/hen the fluorescence is excited by a laser 
beam, only a cylindrical column of the crystal contains 
emitters and the rest of the crystal contains absorbers. 

In the figm-e it is shown that the laser beam is passing 
through the crystal at a distance, x from ono end of the 
crystal (x being measured along the optic axis of the 
spectrograph), A one dimensional treatment is given here, 
since the excitation around the vertical axis is symmetric. 



Here x is the positional variable. 
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The position of the laser beam is taken 
as the origin (x = 0). Then the intensity of the fluorescence 
line is given by 

) = A p {> ) ( 1 ) 

where A is the amplitude and ©( /\ ) is the shape function 
with the peak at say After traversing a distance x 

through the medium containing absorbers the intensity of 
the line is given by 

(-^ ) = A (p( A ) exp (-a.. x) (2) 

The absorption coefficient has the same 
shape function as the emission line shape and is = a (]) ( A ) 
where a is the peak absorption coefficient which depends 
on the number of absorbers present (concentration) and the 
transition probability. 

Thus ^ ~ A 9( A ) exp ( A )x) (3) 

The positions of extrema are obtained on differentiating 
the above , 

— dX ^x ^ [i-ax (j)!/’' )jexp[-ax (p (A)] = 0 
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Since eicp [- ax 0 ( >. ) J is not sero? eithvc 

=0 (5a) 

or 

1-ax 9 ( .^ ) = 0 (51) 

On differentiating equation (4) once again it is seen 
that the centre of the line (x=0) is a minimum and on 
either side of it there are maxima. Since (p(?>. ) ^1, 

equation 5(h) is satisfied only for a x >1. iilso (P( A ) 
being symmetric around A there are two values of X 
symmetrically disposed about for which this equation is 

satisfied. A calciilation of the second derivative shows 
that for a x 1, the centre of the line is a minimum and 
the two maxima are given by 5(b). The line which is 
absorbed on its vjay therefore shows double humps. The 
position and anteiisities of the humps depend on the exact 
nature of (|)( A ) but the intensity’- -at the line centre is 
given by 

I,, ( /\^) = A exp (- ax) (6) 

^ o 

and is valid for any line shape. 

For a Lorentzian line profile 

1 

1 + a^( A - 


f ( A ) 


(7) 
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The hump separation is obtained by substituting the 
above function in eq.uatloEto5b. giving,. 


OCX 


1 + a^( A - ) 2 

' o 


= 0 


That is 




/\ 


+ V ax - 1 


The humps are separated by 


S = 2( h- /\^) = 


+ ~ vax-1 

a 


= ¥ dax-1 


( 8 ) 


In the above equation ¥(= 2/a) is the 

2 

linewidth -which is obtained from the plot of S verses 
X. The intercept on tho y-axis is equal to - w (for a 
G-aussian [5] line shape and the plot does 

not give a straight U.ne). 


Oscillator strength [6], f is given by the relation 
Nf = 0.821 X 10^^ cm"^' ^5 f a (E) dB (9) 

(n^ + 2)2 ■' . 

where N is the number densit.y of the emitting atoms 
(in units of cm"^), a is the maximum absorption coefficient 
in cm""^ and n is the refractive index of the crystal at the 
wavelength of the absorbed light. Bor a line having Lorentzian 
shape, the integral equals where ■- is the full 

width at half maximum (BWHM) expressed in eV, 
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ITf = 0.821 z 10^^ — ._«2L. ( 10 ) 

(n^ + 2 )^ ^ 

.Equation (lO) is valid only if the line iri-dth 2/a (=‘w) 
is substituted in qJ, But the experimentally observed 
linevidths are in cm”^. To facilitate the substitution 
of this, equation ( 10) is divided by the conversion factor 
1 e"V = 8065.7 cm Therefore equation (lO) reduces to 

M = 1.59 X 10^^ q;^.; (11) 

(n2+2)^ 

•where w is the EWHTi expressed in cm~^. 

The refractive index [7j of laE^ at 4790 i. is 1.60. On 
substituting this value of n, eqxiation (ll) becomes 

I'Tf = 1. 224 X 10^^ aw (l2) 

a is estimated from equation (6). That is, the intensity 

of the line centre is measured for different values of X. 

(X is varied either by moving the crystal for a fixed 

position of the laser beam or vice versa). In our experiment 

the position of the crystal is varied which is convenient 

3 3 

for us. So the group of fluorescence lines Pq"'^ 
are recorded for several path lengths and the line centre 
intensities and hump separations are measured in each case. 
Since the power output of the laser is not constant all the 
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time, the intensit^^ of the line centre is measured with, 
respect to another line (4809 %) of the same group in the 
same run. 


A graph is plotted (fig. 4. 2) with logarithmic 
intensity on the Y-axis and the corresponding path length, 

X on the X-axis, A straight line is obtained whose gradient 
is equated to a, and is obtained to be 5.94 + 0,8 cm”^. 

The line width, w is obtained from equation 
(8). The line width, w is the width of the absorption line. 
But in fluorescence experiments it is not possible to measure 
the line widths of the absorption line. So for w, emission 
line width is substituted. But due to local heating by the 
laser beam the line width of the emission line may be 
broadened in relation to absorption line width. If it were 
the case equation (8) would not be valid. This ie checked 
using the following criterion, let the absorption line 
have a width, 2/b different from that of the emission line, 
2/a. In this case the intensity of the absorption line is 
giv en by 


( X ) 


A 


1 + a^( A - A 


exp [■ 


-ax 


-1+ b2( A- 


- ] 


(13) 


Proceeding as above [in the derivation of (Eq,8)) in this 
case, the position of the humps are given by 





137 


( 



a(2~ax) + 


a a z 

F 


4ax(a^-b^) 


(14) 


2ab 


o 

k graph is plotted (Fig. 4. 3) with S'^(hump 

separation)^on the y-axis and .path length on the x-axis. 

This plot gave a straight line indicating the absence of 

the effect of nonlinear terms of equation (l4). This 

indicates that equation (8) is valid and no local heating 

effect is present in the emission line width. From the 

plot, the intercept on the y-axis, 64 is equated with 
2 

w . The line width, w obtained from this plot is 35 ± 2 
cm"*^. This line vj-idth agrees with the FWM of the line 


(for X = 0 ) . 


The reported unit cell dimensions [8] are 

a = 7.185 S and c = 7.350 S. ¥olume of the unit cell is 

323.6 For one percent doping the number density of 

20 ~3 

praseodymium ions is obtained to be 1.825 x 10 cm . 

On substituting the above values for a, w and 
h in equeition (l2), the oscillator strength, f is obtained 
to be ( 1,40 + 0 , 20 ) z 10 ”^. 'This is in good agreement with 
the value of 0.94 x 10“^ (calculated value I .04 x 10“^) 
obtained by Krupke [9] from absorption measurement at 
room temperature. The small discrepanc 3 r is probably 
partly because of the error in the Pr^"^ concentration (l 
percent) value used. 
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4. 2 No n- radiative energy t-ranp;fp-r 
4* 2. 1 Introduction 

i'luorescence spectra of Pr-^'*’ in LaP„ have 

:> 

been recorded at liquid nitrogen and room temperaturea . 

(Tables 9-11 of Ohapter 3), The site symmetry of Pr^'*' in 

laP^ was found to be the lowest symmetry, C^. Porbidden 

electric dipole transitions from ^P,^ to and 

(Jo 3 

and ma.gnetic dipole transitions for 4 J > 2 have been 

observed which are probably due to J mixing of wave- 

functions belonging to %q with ^P^ and in crystal 

field. Fluorescence has been observed from ^P, and Ir 

to g and only at room temperature; This 

3 1 

indicates a fast relaxation from -^P^ and Ig groups of 
levels to Pq level at liquid nitrogen temperature by 
phonon/multiphonon decay. \Vhen P-, group of levels was 
excited no fluorescence was observed from '^'^2 
multiplet. Fluorescence was observed from ^^2 multiplet 

only on resonant excitation. This shows that there is no 

3 13 1 

drain mechanism from ■^P^, Ig and P^ levels to 

multiplet in LaF^sPr-^"^ crystal. Bro^m et al[lOj observed 

fluorescence from miiltijiLdfcoD the excitation of ^P levels 

when there x-jas one of the followa'-iig additional impurities 

Ge^'*', Bu^"^, Tb^"^ or Yb^"*". They explained the drain mechanism 

4 Professor Yenkateswarlu observed these fluorescence .groups 
even at liquid nitrogen temperature. He used GW Ar laser 
for citation. 
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to ^ 1*2 basis of quantum efficiency 

measurements. They didn't observe any fluorescence from 
-‘■©2 multiplet when the additional impurity x<ras Nd ? 

or Ho^”*”. The former four ions have one feature in 
common, namely, the ground states of those ions have the 

same orbital angular momentum (L=3)» that is an P state. 

3+ 

So they concluded that the interaction of Pr-^ ion with 
these four ions is through the ground state, therefore 
dependant on L value of the state (an additional se- 
lection rifle for interaction mechanism). This is not 
convincing because (l) the theories developed on ion-ion 
interaction and enei'gy transfer did not put any such 
restriction; (2) it is found from the experiments carried 
out here that there is J mixing of wav ef unctions and 
hence the 1 value of this fluorescing state is not even 
uniquely fixed (3) even forbidden transitions are found 
to be allowed in crystal field (admixture of parity). This 
shows that interaction mechanism of the Pr^"^ ion -with other 
ions is not clearly established. Hamilton et al [ll] 
observed decrease in the life time cf^pQ state of Pr^”^ in 

■'T '5-r 

presence of hd-^^ in lai'^ host. This suggests that further 
work is needed in this direction. So the crystals of 
LaP3tld5+(Pr^+},IaP3;I)y^+(Pr^+) and IaF^:Ho^+(Ph^+)‘^We 
chosen for further investigation in this direction. With 
the advent of intense narrow band laser sources of high 
excitation densities the study of ion-ion interactions which 

cp In these crystals Pr^"^ is present as unintensional dopant. 
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are very weak in strength have hecome feasible. 

4» 2. 2 Experimental 

The crystals used for this study are 
(l) LaP^sPr^"^ (l percent by weight), (2) (2 

percent by weight), ( 3 ) LaF^:!^^'*' ( 0,5 percent by weight), 
and ( 4 ) laF^sHo^'*' (0,5 percent by weight). ¥e were trying 
to record fluorescence from G, F and F multiplets of 
hd , and Ho''^ respectively. Then, to our surprise 

we identified fluorescence groujps c ha i-act eristic of 

ion in addition to the respective impurity fluorescence 
in all these crystals. This ms possible because all these ions 
have energy levels in the region of our exciting source. 

The relative positions of the energy levels of the ions, 

Pr^"^, Nd-^"^, and Ho^'*' in laF^ host [12~15] are given 

in Fig. 4 . 4. The concentration of Pr^"^ in cr\?-stals (2), 

( 3 ) and ( 4 ) is not loiown. This Pr-^"*" impurity is present 
as an imintentional co-dopant in these crystals. 

Consider the energy transfer from a sensitizer 
(or donor) D to an activator (or acceptor) A. The following 
equation represents energy transfer from an excited donor 
to a ground acceptor 

D -f- A D + a' 
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where indicates excited state and ordinary?- symbol 

represents ground state of the ion. The efficiency of 
energy transfer majr be detez'mined in the following twggiie. 

(a) Measurement of the emission spectrum and fluorescence, 
quantum yield of the donor (D) and the absorption 
spectrum of the acceptor (A). 

(b) Measurement of the reduction in yield of any 
process occuring through the excited state D 
in compstition with energy transfer. 

(c) Measurement of the effect of energjr transfer on 
the lifetime of the state D. 

4. 2. 5 Results 
(a.) LaR ^ ;Pr^~^ 

Fluorescence has been recorded using 4636.1 ^ 

laser line as excitation source. At liquid nitrogen 

temperature fluorescence spectra consists of six groups of 

lines from ^Pq level to lower multi pie ts. At room 

3 1 

temperature fluorescence is observed from ^P^ ( Ig) 

3 3 

to lower levels also. The fluorescence group Pq“^ Hg 
is shown in Fig. 4.5. Excitation spectrum of 5985*4. £rline 
is shown in Fig. 4.6. The excitation spectrum reveals 
^Pq, ^P^ and groups of levels. At liquid nitrogen 

temperature ^P^ (and ^Ig) group of levels relax very 







145 


3 

rapidly to Pq level. So the excitation spectrum of 
5985.4 1 fluoroacenco line of ^Pq—^ contains ^P^ 

and Ig levels also. Lifetime of the "^Pq level is 
measured using 5985.4 ^ -trancition. The measured value is 
50 psec. for that level at room and liquid nitrogen 
temperatures. This value is in close agreement 
■with the measured values of -^Pq level lifetime 
by Barasch and Heke [l6j. Brown et al [lOj and Zalucha 
et al [17]. 

(b) LaP^ih'd^'^ (Im'puritv Pr^*^) 

Pluorescence has been recorded using 46J6,i % 

laser line as excitation source. At liquid nitrogen 

■5 

temperature fluorescence is observed from "^Pq level to 
the lower six multiplets and at room temperature fluorescence 
is observed from ^P^ ' ^6^ lower levels also. In 
addition, some fluorescence lines originating from 
multiplet and terminating in multiplet in the region 

5915-5947 2. are observed at both the temperatures. These 
fluorescence transitions are shown in Pig. 4 . 7 . Excitation 
spectra of the fluorescence transitions 5946 . 4 [ 1 ) 2 '*^ ^ 4 ^ 
and 5985.4i(^PQ”->%g) have been recorded. The excitation 
spectra of both the transitions are exactly identical and 
a typical excitation spectrum is shown in Pig. 4.8. The 
excitation spectrum of 59 46.4 -^(P'ig. 4. 8) is compared with that 
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of 5985.4 2 line of the fluorescence observed in LaP^sPr^^ 
(Fig. 4. 6). Again, the excitation spectra are exactly 
identical showing only the -^Pq ^ levels 

of Pr^+ Lifetime of level is measured using 5985. 4 2 

transition. The measured value is 32 psecs at room and 


liquid nitrogen temperatures. 

( = ) LaJ'^:Er ^+ ( Inipurlt jJPrhl 

iluoi-escence ims been recorded using 46;6.1 S. 
laser excitation vjavelengtii. At liquid nitrogen temperatur 
fluorescence is observed from \ and at room temperatore 
from h (Ij^) levels. In addition, fluoresoence 


originating from 


multiplet is observed in the 


cn-i C rn„r, 0 /' -n • - A Q) at and HP • - ■ Fluorescence 

region 5915-5947 la (Pig*4. 

• - m-- r- A-r. mnitiolet of I^^'^ is also observed 

originating from 

/_ , -+ 0+1 nn soectra have been recorded 

(Fig. 4.. 9 ). As usual excitation spc 


of the transitions 594 6.4 ( 


), 5985.4 ^6^ 


'^-L n /4^ ^ ^TT / ) transition of 

of Pr-"+ and 5695 1 (^ 9/2'"^ 15/2^ 

^ Vi o- 4.11. The excitation 

and are shown in Fig. 4.10 and a* 

0 • ispntical with Fig. 4. 6, whereas 

spectrum of5985.4A line is 

^t::Q46 4^ transition contains all 
the excitation spectrum oio^h- • 

4- in the case of 5985. 4 n excitat. 
the levels that are present 

, 4540 i which corresponds to 

spectrum and an extra peaK a - 

. 3+ The excitation spectrum 

the energy level of ly * 


xne ‘iTr/o energy 1 even ^ 

lyP ' 4.oi ns peaks- corresponding to the 

of 5695 i transition contains P 








— 
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energy levels of only and there are no levels of 

Lifetime of level of T)-r.3+ - 

Q -i.t-vei ox Pr is measured. 

usiiig 5985.4-^ which gave a value of 50 (xsecs, 

( d) LaF~i,iiOi'.'L..( Imp urity 

PIuoj. esceiice has been recoi’ded using 
46::6j.a laser excitation wavelength. At liquid nitrogen 
temperature fluorescence is observed from ^P level 

T- t-fT M 

of Pr' . No fluorescence, characteristic of 
multiplet is observed. In addition fluorescence is 
observed originating from Ho^^ energy levels. Excitation 
spectrumof 5985 i. 4E transition contains only Pr^"^ energy 
levels and that of 5492 S transition contains only Ho^'*' 
levels. I’he measured value for the lifetime of ^Pq 
is 50 pse in this case also. 

4. 2. 4 l!isousj,ioii_ 

( i ) LaE''^?Nd^'^ 

Q-l'iere are many ways in which the 
multiplet can be populated. There can be a drain mechanism 
from group of levels to ^^2 Stark multiplet or energy 
ma3r be transferred from Nd^"^ ions to ^I >2 multiplet of Pr^ 
In the case of LaP^iM^'*' crystal the excitation spectrum of 
5946.4^1ine contains only the ^P group of levels of Pr^ 
These clearly indicate that the % group of levels are 
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responsible for the population of the ^^2 Stark 
multiple t. There is no energy transfer from to 

Pr^”^, because in the excitation spectra of 5946.4 £ and 
5985«4'^ fluoiescence linesj no energy level belonging 
to is present. There are different ways in which 

the group of levels can populate the multiplet 

(l) the P group of levels can decay to the 
multiplet by phonon /multiphonon decay (2) ion-pair rela- 
xation among Pr"^ ions and between Pr^"^ and hd^"^ ions causing 
the population of levels. 

The former mechanism of ^P levels' decay 
to is improbable on the basis of the following. Non- 

radiatiVG decajr between J multiplets is attributed to 
phonon emission arising from interactions of the orbital 
moment of the ion with the fluctuating crystalline field 
caused by lattico vibrations. The fundamental lattice 
vibrations (phonons) of laP^ as derived from infrared [l8] 
Raman spectra [19] and vibrational side bands [POJ only range 
upto 350-400 cm“^. Therefore decay by single phonon 
emission is not possible, the minimum energy gap between 
and levels being 372X cm“^. Multiphonon 

transition rates as a function of energy gap to the lower 
multiplet in laP^ host for Er^"^ are plotted by Weber [21J. 
This is shown in Pig. 4.12. Prom the figure it is seen 



Nonradiativc transition probability (see 
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;Enetgy*^pp(cm;} ' ' 

Fig.4t2' l^'riddidllw Irapili^^^ 

’■ ' '■', ( 1967 )). 


1000 


'Gil 
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i 

that the trarLsitioii rate is of the order of 10- 10^ 
sec"^ for an energy gap of 3700 cm"l. If this were 
to be the mode of population of ^D2 then the fluorescence 
intensity would be too weak to be observed. Therefore 
decay by multiphonon emission is improbable. This is 
supported by the measured lifetimes of level in 

laP^sPr at room and liquid nitrogen temperatures. 

Spontaneous emission probabilities of Pr^"^ levels are 
calculated by Weber [22j. Radiative transition probability 
from ^Pq to ^^2 l^’^els is also negligibly small. So, 
this possibility is also ruled out. 

The population of ^D2 levels by two photon 
or sequential two-photon processes is not possible, because 
the level can be reached by a quantum of energy less 

than a single photon. The only possibility is the ion-pair 
relaxation [23J* But ion pair relaxation among Pr^"^ 
ions to populate is improbable because the concen- 

tration of Pr^"** is very small? The only way to populate 

1 3 + 

Dg is therefore by ion-pair relaxation between ?r 

t- Though the decaying state ^Pq of Pr^"*" is different 

from that of Er^"*”, it would not make significant difference 
in transition rate. The rates of phonon processes are a 
function of the , modes and the frequencies of vibrations 
which, inturn, are properties of the host lattice in which 
the ion is embedded. 

9 Ho fluorescence is observed in laP^tPr (l percent) 

on excitation into ^P^^^ levels. 
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and Nd^ ions. This can be either pure resonant 
transfer or phonon-assisted resonant transfer, how, 
throe resonant ion-pair transitions between Pr^^ and 

hd^ ions in LaF^ which can be considered are shown in 
Pig. 4.15. They are, 

(1) The down transition from (20925 cm"^) to the 

Stark component at 16893 cm“^ of Pr^'*' and the 
simultaneous companion up transition from the ground 
level Stark component at 0 cm“^ to the excited level 
Stark component at 4079 cm~^ of 

(2) The down transition from ^Pq to the ^12 Stark 

component at 17086 cm~^ of Pr^'*’ and the companion up 
transition from the ground multiplet Stark component 
at 136 cm"^ to the excited state Stark component at 
3979 cm"^ of hd^^. 

5 1 

(3} The down transition from "^Pq to the ©2 Stark compo- 

_i '^4. 

Gent at 17183 cm of Pr^ and the companion up 
transition from the lower Stark level at 296 cm ^ 
to the excited level Stark component at 4039 cm""^ 
of hd^"^. 

Energy transfer can also take place by 
phonon— assisted resonance. The phonon-assisted transitions 
together with the resonant transitions are given in Table 4.1. 
In the table columns 1 to 3 initial 
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and terminal levels of the down transition and the 
difference in energy. Similarly, columns 4 to' 6 contain 
respectively the initial and final levels of the up 
transition and the difference in energy. Column 7 contains 
the pnonon involved in the transition and column 8 contains 
the remarks if any. 

The ion-pair relaxation mechanism involved 
is supported hy the measured lifetimes. The lifetime of 

level in IaP^;Pr^^ crystal is 50 ^isecs and in laP^:IId^^ 
(Impurity Pr^"**) it is 32 psecs. This decrease in lifetime 
can be understood in the following way. As the decay 
proceeds, excited donors having unexcited acceptors in their 
close neighbourhood tend to become exhausted, since the 
rate constant, P.(R) usually decreases with increasing 
distance, R. The donors ne8,r the acceptors decay very fast 
exciting tho nearby acceptor ions. Therefore, non exponen- 
tial nature results in the decay curve immediately at short 
times after excitation resulting in a decrease in lifetime. 

( i i ) Efficiency of energy transfer 

Energy transfer is an additional decay path 
available to an excited Pr^"^ ion. The presence of the 
acceptor, Nd^*^ does not introduce any structural changes in 
the crystal. Mathematically, the fluorescence lifetime of 
the sensitizer, in the presence of activator is given by 
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where is the rate of energy transfer and is 

is the intrinsic lifetime. Por the level of Pr^'^ 

in Laij the intrinsic lifetime is 50 p,sec (measured 
value in LaP^sPr^+Cl peroent)+ Its measured lifetime 
In presence of Nd^'*' ions (acceptor) la 32 psee. Therefore, 
rate of energy transfer is 




1.125 X 10 ^/sec. 


The efficiency of energy transfer is 



(iii) 


3 + 



1 


% 


0 


+ 



X 





The excitation spectrum of 5946.4 -^ line 

reveals onlj;^ , levels of Pr^"^ ion and an extra peak 

at 4540 2. ( 22020 cm”^). This peak corresponds to the loxirest 

4 

stark component c£ the ^ 25/2 0 ^ %' • Therefore 

even in case of the energj^ transfer is from 

Pr^"*" to as in the case of IiaP,:^:Fd^'‘', Here, the ion- 

pair relaxation (or energy transfer) is phonon- assisted and 

+ This Value is supported by the reported lifetimes for 

various concentrations of Pr^"^ in laP^ b 3 r Brown et al. [lOj. 
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the corresponding tr^isitions are given, in lahle 4.^2? ' She 
measured lifetime of crystal is about 

50 S 3 .ni 0 SIS "thiB iri'tpinsic wIibi'oh.s, in 

laP^sKd^ crystal the lifetime is reduced to 32 psec. 

In the latter the acceptor (Ud^"*") concentration is 
2 percent whereas in the former the acceptor 
concentration is only 0,5 percent. Therefore, the donor- 
acceptor distance is much nearer when the acceptor is 
Nd^"^ rather than So, the transfer rate is very 

efficient when the acceptor is and hence appreciable 

reduction in lifetime could be seen in this case. Therefore 
it is probable not to see any appreciable reduction in 
the lifetime of level of Pr^'*’ in LaP^;!^^'^ crystal. 

The peak at 4540 ^ in the excitation spectrum 

of 5946,4 lean appear in either of the two ways, (l) There 

can be Dy^"^ fluorescence falling in that region (at 5946.4 t). 

3+ 3+ 

(2) There can be energy transfer from to Pr 

Pluorescence of Dy^"'’ ion in the region 5946. 4 1 

♦ I 

reported in literature so far, ¥e recorded the 3^^ 
fluorescence on resonance excitation, v/e also failed to 
observe any fluorescence at 5946,4 5* Therefore the 

former possibility is improbable. 

t The format of the table is same as in _ the _ previous 
case, except ion replacing Nd ion in the up 

transition. 
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The latter possibility is explained as 
follows. The excitation spectrum of 5985.4 S line of •Pr^’*’ 
does not contain any peak characteristic of Dy^"^, This 
implies that there is no energy transfer from to 
% group of levels of Pr^'*' (or more specifically to 

'7 

Pq level). But the presence of apeak at 454O i (22020 cm“^} 
in the excitation spectrum of 5946»4i implies that there is 
erierg;^^ transfer from ion to levels of Pr^"*". 


Though the peak corresponding to the lowest component 
of yp present in the excitation spectrum of 

5946.4S transition, the energy transfer can take place 
through ^^9/2 '^^1'tiple‘t. At liquid nitrogen temperature 


^^15/2 relax very fast to "*^9/2 




The 

-1 


minimum energy gap between the two levels is 800 cm . 

6 

The multiphonon transition rate between them is c'-lO . 
Moreover the multiplet is known not to fluoresce 

[24] at LNT. In the excitation spectrum of 5695 i 
fluorescence line of (*^9/2 — ^''^'^h. 3 / 2 ^ intensity 

of the peak corresponding to the level 22020 cm ^ (of 
^^5/2^ is tl-iree times stronger than the most intense 
excitation peak of the ^2 le’^els. In viexf of the 
above points j it is probable for the energy transfer to 


take place through le'^els. [But the 


appears in the excitation spectrum because it decays to 
the lower level]. The absence of ^9/2 
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excitation spectrum is due to the weaker intensity of 

the dye in that region. Also, the number of phonons needed 

in energy transfer from of Nd^+ to levels of 

Pr^"^ are more than those needed from ^Pg/2 

According to Kiel [25] (n+l) phonon process is much 

weaker than n phonon process. This too supports the above 

argument. The possible ion-pair transitions are given in 

Table 4,3. A check of this is made as follows. A series 

of crystals with concentration of Pr^'*' ranging from 0.1 

to 10 percent for a fixed 1 percent of should be 

chosen and then to measure the lifetimes of fluorescing 

level, ^2* ^ pronounced non- exponential nature in 

the decay curve of level will be noticed with increasing 

Pr^"^ concentration if thereis energy transfer from ^9/2 

level of to the ^^2 multiplet of Pr^"^. 

(iv) LaF ^ :Ho^'^ 

The absence of "^02 fluorescence in this 
crystal is justified as follows. The minimum energy gap 

between ^P,- and levels is 3721 cm“^ (maximum gap 

^ 2 

being 4052 cm”^). In Ho^"^ the ground multiplet extends 
upto 410 cm~^. The lowest state of tne first excised 
IsVGl of Ho^"^ is at 5192 cm“^. Moreover at liquid nitrogen 
temperature most of the popxilation is confined to with in 
200 Tile energy gQ<p "b^twoen tiie (iown (Pr • Pq ' 



166 


the up (Ho^ i ^Ig transitions is about 130O cm“^. 

For ion-pair relaxation to be effective phonons of energy, 
lj)00 ci'ii must be suppliedby the lattice. Evidently , this 
woulo. be a third or fourth order process, since the cut- 
off phonon frequency in laF ^ is 4OO cm It is well 
known that the higher order process has a very small 

probability. This explains why no fluorescence is 

1 

observed from I)^ levels in this crystal. Energy gap 
can be reduced by increasing the temperature. But as 
the tempera tui‘e increases the net population in any 
particular level decreases which is another drawback. It 
may be possible to observe energy transfer (consequently, 
fluorescence) between Pr^"*" and Ho^"^ ions if one 

rzjL 

chosea a laF^ crystal, with 1 percent Pr-"^ and 2 percent 
'5 + 

Ho and at the same time choosing a laser with very 
high excitation densities and the experiment is performed 
above liqiiid nitrogen temperature. 

4.2.5 Conclusion 

The drain mechanism to multiplet of 

Pr^"^, is only from level, in all the crs^stals so far 

observed by us, as well as by Brown et al. The conclusion 
drawn by Brown et al appears to be wrong on the basis of 
our observations. Ihe absence of D2 fluorescence in 
LaP^:Ho^‘^ (impurity Pr^"^) is probably due to the large energy 
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gap between tbe down and the companion up transitions 

(lack of resonance). The energy transfer efficiency 
' 5 + 5 + 

between Pr and Nd''^ ions is found to be 36 percent. 
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CHAPlEfi 5 

Bl'fBRGI UP-GOWBfiSlOI STUPIBS 


ABSI RaGO? 

Vftien the D levels of doped 

in LaF^ are resonantly exchted fluorescence is observed 
from E., S, A, D, E, K and 1 levels. Fluorescence 
originating from S and 4 levels is observed only 
at room temperatiire, where as that originating from 
other levels is observed at room and lic^uid nitrogen 
tanperatur es. Decay times have been measirred for the 
R and L level fluorescence at room temperature. The 
methods of population of the above levels are discussed 
separate! jr. A rate equation model has been developed 
which explains the delayed nature of emission from 
L levels. 



5.1 Introduction 
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ihe phenomenon of ’Energy Up- conversion' 
has generated considerable interest among scientists in 
the recent jrears. The processes such as Infrared quantum 
counters ( IB.QC) [l], Sequential two photon escitation (STBP)l2] 
and Energy up-conversion(ETir)[3] are important not only 
from the physics point of view but also have practical 
relevance. General Electric 0o,l4]obtained a visible 
light source of practical interest by using a GaAs;Si 
light emitting diode as a pump source. Eang [5]stated that 
this phenomenon acted as the catalyst for a sequence of 
deductions that eventually led to a molecular model for 
the primary process in photosynthesis. These schemes 
facilitated the detection of infrared[l] gignals-'and the 
measurement of lifetimes [6] of infrared (low-lying) levels. 
Estimation of oscillator strengths [7] is possibl®' •without 
the kno-wledge of dopant concentration. Much work has 
already been done on up-conversion phenomena [8], The 
following observations are helpful in distinguishing 
the various up- conversion phenomena. 

1. The respective energy level positions and their 
differences. 

2. The po'wer law dependance of emission vastus esnsitizer 


concentration. 
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3. The power law dependanoe of emission versus excitation. 

4. Mse and decay times of the emission. 

ihese criteria permit us to distinguish 
Dettireen a. siugle ion and two ion processes, hut the experi~ 
mental results are same whether the two ion process is of 
the multiple successive transfer type or of the cooperative 
type. 

Barasch and Dieke [9]carried out lifetime 

meas’orements of some of the fluorescing energy levels of 

most of the rare earth ions in different hosts. Asawa and 

Rohinson[lO J studied the concentration quenching of R level 

34 - 

fluorescence of I'Td in LaP^ and laCl^ hosts. Asawa [llj 
measured the delayed emission times of E. level fluorescence 
when levels above that are excited in Bd^"*" doped pure 
La01„ and LaGl^ containing Ce^’*'. The transitions [l2] 

R A Z, R Y and R are knom to lase in glass 

hosts. Energy levels of LaP^jKd^'*' have been established 
by Gaspers et al[l3]and by Kumar et al&.4]and are given in 
Table 5,1. Kumar et aL [15 Jstudied the fluorescence on 
excitation into Bolevels using GW Ar^ laser. They observed 
fluorescence from B and K levels also. They found that 
fluorescence intensity of these groups was proportional to 

where P was incident laser power. Jagannath et al[l6] 
measured the decay times of B and K levels using S ‘2 ls.ser 


for excitation. 
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Table 5.1 
The Snerg 3 r Levels of 

3 


SLJ 




'9/2 


‘ 11/2 


4 n 


13/2 


. ^ 





m^am mmmm- mm 

-rk level 
lignation 

Ene rgy 

SIJ 

Stark level 
designation 

Energy 

(cm“^) 

h 

0 

4i 

15/2 


5817 

2^2 

45 


»2 

5876 

b 

136 


W 3 

5989 


296 


»4 

6142 

^5 

500 



6173 

h 

1978 


¥r 

6320 


D 



W 7 

6448 

^2 

2037 

^3/2 

"I 

655 1 

■^3 

2068 

% 

11592 

h 

2091 


^2 

11634 

Y[r 

2187 

5/2 



^■'6 

2223 

Si 

12596 



^2 

12613 





12621 

7 

3919 


J 


^2 

3979 

%/2 

h 

12675 

b 

4039 


% 

12693 

^4 

4078 


S6 

12755 

^5 

4120 . 


S 7 

(1284 2) 


4213 


S8 

(12904) 

jCX.rjr 

4278 
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Table b.l (contd. 
SLJ 


Stark level 
designation 


isinergy SLJ 


Stark level Energy 
designation 


4- 


4-, 


■C . '4^^ 

^3/2’ ^7/2 

'"1 

13515 

^7/2 

^2 

13591 

3 

13671 



13^77 


% 

13710 


% 

13714 

^9/2 

=1 

14835 


=2 

14860 



14891 


®4 

14927 



14958 

’^11/2 

k 

15998 


°2 

16033 


°3 

I6O45 


^4 

16059 


C,- 

16103 

^G5 ^2.' ^^7 /2 


17304 


^2 

17315 


“3 

17364 


“4 

17512 



17570 


% 

17601 




7/2 




9/2 


"-if 


n. 


1 


E, 


E. 


F, 


■8 


'-^ 9/2 ^1 


G, 


G, 


G 


4 


G. 


G. 


G 


'7 

h 


19147 
19 235 
19251 
19323 

19568 

19617 

19651 

19685 

19702 

19739 

19801 

19839 

21158 

21176 

21201 

21234 

21254 

21302 

21339 

21351 
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Table 5. i ( contd. » , . ) 

SLJ Star is: level Energy SLJ Stark: level Energy' 

designation designation 




(21550) 


'^2 

(21634) 



( 21776) 


“4 

(a847) 



(22001) 

\/2 


23468 

'%/2 

^2 

23991 

'^3/2 


26364 


IC2 

26404 

! 4 

'^11/2’ \/ 2 ^ 

^1 

28295 


Lo 

23340 

■p 

o/2’ 5/2’ 

cL 


^5/2 

^3 

^4 

28371 

28525 


Lr 

5 

28544 


1 ^ 

28823 




289 29 


^8 

28970 


S 

29404 


bo 

29551 

^13/2’ 

*1 

50113 

^17/2 

“2 

50203 


“3 

50245 

'h ]2 

b 

53565 


b 

53510 



53642 

L 2 

\l/2’ ^/Z 

b 

54587 

^^5/2 

b 

59411 
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In ci coii'tiiiuou.s prog 2 *aiiinie of studying 
such sys cems in this laboratory we were interested to see 
whether there was any energy transfer from Nd^'*‘ to Pr^'*" 
or vice versa in laP^shd^'^ (Impurity Pr^'^) crystal. In 
"til© C0"11X*S8 ox OHX* 6Xp©I'i.ni6n't 'WQ 6nC0UIl‘fc6P6d flU0X6SC6IlC6 
originating from R levels of Rd^'^. ¥e subsequently 
resonantly excited the D levels of Rd^'*’ and recorded 
the fluorescence spectra. We observed the fluorescence 
spectrum of Rd-^"^ (fluorescence originating from L, K, 

E, D, A , 3 and R levels), and no characteristic 
transitions of Pr-^"^ were observed. ¥e were interested to 
understand the processes by which the 1, E, S and R 
levels were populated. So we chose a series of single 
crystals of doped with Rd^"*” (0.1, 0.5, 2.0 and 5.0 percent 

by WGi^t) as impurity. These crystals were procured 

3 

from Optovac Inc, All the crystals are of size 8 z 6 x 4 mm 
except the 2 percent crystal. The original crystal (2 
percent by weight of Rd^"*") was of size 10 z 7 x 4 mm^. It 
was cut into parts. The one which has been used in our 
measurements is of size 4 x 3 z 2 mm . We have also tried 
to look for up-converted L fluorescence by exciting the 
B and. C groups of levels. We didn't observe any L 
fluorescence transitions probably due to the weak dye laser 
output. 

r'lluorescence originating from S and A levels is observed 
only at room temperature. 
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Sable 5 . 2 

Fluorescence of Lal'^sHd^'^ 


Wavelength 

Wav enumb er 
( cm~^ ) 

Sransit ion 

Wavelength 

Wave- 

Transition 

" (S) 



( a ) 

number 
( cm” 1 ) 


3539.39 

28 246 

^5-^4 

5791.0 

17263 

h- ^2 

359 2 . 5^ 

27828 

^ 4 ’' 2^+196 



V ^1 

3797.9 

26324 

I 3 - T 2 



®4" ^3 

3801. 6 

26297 

^ 2 " '^2 

5824. 2 

17165 

V 23 



I 3 - Tj 



E 3 -X 4 

3313. 4 

26182 

Ti ^ 

3 "5 



® 2 " ^3 

38 23.5 

26147 

^ 2 " ^5 






I<3“ 1 5 

5843.2 

17109 

E.- Y. 

5174.0 

19322 

®4“ \ 



1 d 

5196.6 

19238 

^ 2 ” ^1 

5875.3 

17016 

® 2 " ^6 

5208.6 

19194 

®2- ^2 



D 4 - Z5 

5220.7 

19149 




Dr- Zc 

5 5 

5232. 2 

19107 

El" Z 2 

5894.3 

16961 

El" Y 5 

5 259.0 

19009 

E-j - 

5949.0 

16805 

V ^5 

5 276.5 

18947 

-L. ^ 

5971.8 

16741 

L„- 

s - Z^ 

3 2 






1„- it, 

5301. 6 

18357 

h" ^4 

5984. 3 


2 1. . 

5335.5 

5362. 2 

13737 

18644 


15775 

1,- S. 

6337. 5 

^5 

3 1 

5771.8 



6348.3 

15748 

L,- So 

17321 

5 - Zj 


j ^ 

E 3 - 3^ 






L 2 - s. 



Table 5. 2 ( cent d. . . ) 
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VJivelength WaTrenumber Transition Wavelength Vfeve- 
(S) number 

(cm“^) 


6357.0 

15726 

^2 “ 

^2 

6835.5 

14625 

6^77.8 

15675 


s 

3 

6837.4 

14621 

638'2-j6 

15663 

"a- 

S/, 

4 

7269.9 

13751 

6383.1 

15650 

L^- 


7345.8 

13609 

6414*6 

15585 

^2 ~ 

Se 

7399. 

13512 

6498. 2 

15385 

■ E^+53- 


7402. 3 

13505 

6519.8 

15334 





6544.1 

15 277 

" 3 - 


7417.9 

13477 

6564.4 

15229 


Xl 

7422.3*^ 

13469 

6590.8 

15168 

TP 

hi - 

^2 

7434.7 

13447 

6614. 6 

15114 


^5 



6629. 6 

15029 

^1 ‘*’^^’^28 

7440.0 

13437 

6652.0 

15029 

% - 

■\T 

7455.6 

13413 

6744.7 

14822 

Xj 2 

^1 

7471.9 

13380 

6779.1 

14747 

h - 

*^2 

7499.6 

13330 

6821.0 

14657 

I3 - 

^6 

7534.6 

13270 


Transition 



V ^2 





h-^4 

^2” ^5 
I^- B^+152 

I2- B^+112 



Table 5. 2 ( contd, . , . . ) 
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/avelength 

(i) 

Wav enumb e r Trans i t i on 
( crrr^) 

Wavelength. Wave Transition 

(i) 

(cm ■^) 

7580.0 

13189 

L2'-B5+193 

8121. 7'*’ 

12309 

? 

7599.5 

13155 

^2 ~®5+227 

8214.3*^ 

12171 

S4 “ z^ 

7776.1 

12356 

9 

8253.7'^ 

12112 

S2- Z5 

7850. 9'P 

12735 

Srj - 2^+62 

8264.0® 

12097 

S1-Z5 

7879. 5 "P 

12688 

S5- 

8593.8 

11633 

®2- 

7886.0'^ 

12677 

^4 

8624.8 

11591 

\ 

7905. 3^^ 

12646 

S5-Z2 




7919.6^ 

12623 

&|_+ 27 -^^ . 

8656.0 

11549 


7935. e'P 

12598 

Si-Zi 

8696.0 

11496 

^2“ ^3 

7961. 4'^ 

12557 

Sg" Z ^+56 

8729.0 

11453 

^3 

8013.0^ 

12476 

So- z, 

2 3 

8846.0 

11301 

^4 

80 26.0^^ 

12456 

St - Z„ 

1 3 

8978.0 

11J35 

^2" % 




9013.0 

11092 

% 









Lines marked cp are observed only at room temperature. 




)1 Partial energy level diagram of LoFo 
the observed fluorescence groups at 
nitrogen temperatures when D levels 
excited. (» observed, ^ 
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5 • 2 ExpGriniGi iija.1 rosu.l'tg s t- nd . di s cus s i on 

Iho observed fluorescence transitions are 
given ill ictble 5.2 and tne fluorescence groups are shox^n 
in fig- 5.1. 


1. Fluorescence from D multiolet 

Tlie D multiplet of is 

resonantly excited using 5774.7 i laser line. Sesonance 
fluorescence, D Z is observed in the region 5771-5949 S.. 

2a Fluorescence from R multiolet 

I'dien D levels are excited fluorescence is 
observed from R levels at room and liquid nitrogen tempera- 
tures which falls in the region 8598-9015 S. It is identified 
to be R-'->Z transition group and is shown in Fig. 5.2. The 
excitation spectrum of 8656 2 . is shown in Fig. 5.3. fhe 
excitation spectrum shows peaks at 5748.6, 5757.8, 5774. 7> 
5778. 4, 5789.5, 5793.5, 5824.8, 5856,7 and 5928.5 i which 
correspond to the transitions from Z levels to D levels 
and the Stark components are identified in fable 5.3* fhe 
R levels can be populated in the following ways, (l) An 
ion in the D levels may decay to the R levels in Oascade 

manner as D -> 0 > B..... R. (2) An ion in the 13 

levels may directly relax to R levels exciting a nearby ion 
from the ground Z level to a V/ level, i.e. 

R( 1 )+W( 2 ). This is an ion-pair energy transfer mechanism. 








€£911 


16911 


e^sii 


96Vll 


W3£9^itfe 


dnoj6 z^-d 






9-68iS 
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TbI)!© 5*3 

Excitation Transitions of at IFT 


Wavelength 

V/avenumber 

Transition 

( 2' ) 

(cm”^] 


5743.6 

17391 

2.J D^+27 

5757.8 

17363 

\ - 

5774.7 

17312 

\ - D 

5778.4 

17301 

z, .n 

5789.5 

17268 

J- JL 

Zp ~Dp 

5793.5 

17256 

Z - 

5824.3 

17163 

h - % 

5856.7 

17070 

24 -Bj 

5928.5 

16863 


Table 5.4 


Decay Times of R and S Levels Measured at room 

Temperature 


Concentration «f 
percent 

by -'•weight 

0 . 5 


2.0 


5-0 


Dec ay t imes 

R level (psl ’ S level (ps) 

600 + 30 600 ± 60 
400 + 20 400 ± 40 
150 ± 8 . 150+15 


Table 5.5 


Some Possible Ion-pair Trsuisitions between Energy Levels 

of LaP , ; ..( D-R; Z- W) 

5 ■ . 


Down Transition Up Transition 

(D - R) - ¥l„ 


Remark 

(ohonon assisted) 


17315 - 

11634 

136 

17364” 

11592 

45 

17304 - 

11592 

105 

17304 - 

11634 

147 

17315 “ 

11592 

153 

17520 - 

11592 

61 

17520 - 

11634 

103 


5817 

Resonant 

5817 

Resonant 

5817 

105 cm“^ 

5817 

147 cm"^ 

-1 

5876 

153 cm 

5989 

61 cm”^ 

5989 

103 Gm“^ 
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(3) Tile elicited ion from the D levels may r elan to 

v; levels at tne same time exciting the nearby ion from 
Z levels to R level l.e. I>(i)+Z( 2 ) 

(4) The last vray is by the interaction between two ions 
in ¥ levels i.e. ¥ + ¥ B + Z. 


Only decay time measurements will indicate 
which of the mechanisms is important, The measured lifetimes 
at room temperature fall in the region 600-150 psecs 
(Table 5.4) for the concentrations 0.5, 2.0 and 5.0 percent 
Hd"^ employed and agree well with the values (with in 
the experimental errors) measured by Asawa and Robinson [lO]. 
The slight decrease in decay times from those of Asawa and 
Robinson can be due to the up conversion mechanism [see L 
level fluorescence] that is taking place simultaneously in 
the system. Me didn't observe significant delay (or rise) 
times for the R level fluorescence. 

Prom the decay time measurements, the first and 
last raodes of drain mechanisms can be easily ruled out 
becau e these processes show significant rise time. The 
fact that the measured decay times are of the order of the 
values obtained on resonant excitation case suggests that 
the second possibility is the dominant mode of decay. Two 
possible resonant ion-pair transitions for the population 
of R. levels are shown in Pig. 5. 4. fhe pnonon-assisted 

9 'The subs trf*ipt indicate the ion, ^ 




u "?!IS |'.i: 

Po:S'%ibU lon-^-nr 

t ■ .' ' i f 1 » r- - X i . 4 


transitions 
( [, • R ■ Z ■ - 





iStem 









■1 

■i 


MSw. 

HHIH 






^ ^5 5i 

' iA 


.* ? C 


till 

f: I I ^ 
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Po i. 1' i c Transitions between Energy levels of 

LaP..:Ed^'^(E~Wj Z-W) 


Dova'i Tr'^nsit ion 

(R - V/) 

11592 5317 

11654 - 5317 
11634 - 6142 
11634 - 632U 
115. •' 2 - 5376 
1159 2 593.. 

11592 - 6142 
11634 - 5376 
11634 - 6142 
11634 - 6173 


Up Transition 
(Z “ W) 

45 - 5817 
0 - 5817 
500 “ 5389 
500 - 5817 
101 - 5817 
136+78 - 5817 
367 - 5817 
59 - 5817 
296+28 58l7 

2964 -60 - 5817 


Pbonon assisted 
( cm“^ ) 

3 (Resonant) 

- (Resonant) 

3 (Resonant) 

3 (Resonant) , 
101 
78 
367 
59 
29 
.60 
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Iii6 possible i'esoiia.H't loii'-pair transitions are shown, 
in ri',. Iho piionoii~assisted. ion-pair transitions 

alon.__. ivi oh iiiio resonant transitions are given in Tahle 
5.6. Prom Pi,g.5.5 it is seen that the intensity is 
maximum for 2 percent of At higher concentrations 

the intensity is smaller "because of concentration quenching 
of R level fluorescence. At lower concentrations, it is 
"because of (l) the longer ion— ion distance, consequently 
weaker ion-ion interaction and hence lower population of 
R level [since D + Z = R + .Ir/] and (2) to a small extent 
due to the lower number of Rd ions. 

3 • P luorcisce nc e from S . multinlet (Room temperature.) 

The D levels of Rd^'^ in laP^ are resonantly 
excited using 5772 i laser line. Only at room temperature 
fluorescence is observed from S to Z in the region 
7850-8268 % and is shown in Pig. 5.7. fhe excitation 
spectrum of7905.3^ is shown in Pig. 5.3 and the transitions 
from lower levels to upper levels are identified (Table 5.7). 
The fact that the fluorescence is observed only at room 
temperature (and not at liquid nitrogen temperature), suggests 
two ways for the population of S levels. ^ (l) At room tempera- 

ture the S levels can be populated thermally from R levels 
(Boltzman distribution). A simple estimation shows that the 
population of S lewels increases hy a few orders at room 



Excitation 577 2.0 A 










Table 5.7 


Excitation Transitions of LaE^^Id^"^ at RT 

5 


Wavelength 

(S) 

Wavenumber 

(cm"^) 

Tra 3 asition 

Z - D 

5715.0 

17495 

V 27-1^ 

5752.5 

17579 

Z 3 - 

5758.6 

17561 

Zi - Dj 

5772.0 

17320 

IX) 

1 

5778.0 

1750 2 

^1 “ % 

5788.0 

17272 

2 2 ^2 
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temperature tiiaii that at liquid nitrogen temperature. 

(2) V/e have already suggested while diccussing R level 
fluorescence that an ion from D level can come down to 
R level exciting the nearby ion to W level. So two 
nearby ions in W levels can undergo energy transfer 
interaction leaving one ion in higher S level and the 
o.ther in the ground level, i.e. + #-> 3 + Z, where 
(p indicates the higher levels of ¥ multiplet. The 
second mechanism is not possible at liquid nitrogen 
temperature because of energy level restrictions. At 
liquid niti-ogen temperature the ion immediately relaxes to 
the lowest level of W multiplet (stokes shift). Therefore) 
even if two ions in W levels undergo energy transfer 
interaction o'nl3r R levels can be populated. 

There are tvro vrays to distinguish the above 
possibilities, (l) To measure the S level decay times 
for different concentrations of Nd^"^ ion and (2) to find 
the relation between fluorescence intensity and excitation 
flus density. 

The measured decay times are given in Table 
5.4. It is observed that the measured decay times are 
identical for R and S levels. This means so long as 
R level population exists, so does the 3 level population. 
This observation strongly suggests that the population of S 
levels is only due to thermal contribution from that of R 


levels. 
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Ener^ u p-convertadi'-f lucres oence from E ffiultlylet 

When the D multiplet of in laF^ is 

resonantly excited, fluorescence is observed from E levels 
at room ^d liquid nitrogen temperatures. The room 
temperature fluorescence is very week and buried under 
noise. Three fluorescence groups of lines, E Z, E— > Y 
and E -•> X falling respectively in the regions 5174-5362 i 
5771--5949 ^ and 6498-6652 2 . are observed. 1 Z and 
E X groups are shown in Pigs. 5. 9 and 5.10. The fact 
that the intensity of the fluorescence groups 1— >Z,Y,Z 
is much weaker at room temperature than at liquid nitrogen 
temperature suggests that the population of E levels by 
the process of multiphonon/thermalization is ruled out. 

The fluorescence groups E ~'*-Y and D Z are found to be 
superimposed. The excitation spectrum of 5232,2 2 is 
shown in Pig. 5.11. The excitation spectrum contains five 
peaks at 5757.8, 5774.7, 5778.4, 5789.5 and 5793.5 2 which I 
correspond to transitions from and Z^ to ^2 and 
levels. The excitation spectrum indicates that the D levels 
are responsible for the population of E levels and is 

i 

discussed below. A. direct two photon excitation is not | 

!; 

possible because of E energy level restrictions. There j 
are two possibilities by vj-hich E levels can be populated. | 
(l) The ion in the excited D level immediately relaxes to J 
the lower Y level, which is further excited to E level 
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another photon of the same excitation pulse. In this 
mechanism only one ion is participating but the number 
of photons involved is tuo and is termed. Sequential two 
photon excitation (STEP) process. (2) In the second 
possibility the ion which is excited to the D level 
immediately relaxes to the Y level. Two nearby ions one 
in the D level and the other in the Y level imdergo 
an energy transfer interaction leaving one ion in the E 
level and the other in the ground level. This mode of 
interaction is called Energy transfer up-conversion (BTU) 
process. ITU process involves the participation of two 
ions as well as two photons. 

Therefore, the measurement of fluorescence 
intensity versus flux vmll not distinguish the above two 
processes. The only way to distinguish the above two is 
by measuring the decay times. At room temperature the 
signals are not only wea.k but also buried under noise. 

So decay times measurement was not possible. Therefore 
the above mentioned tvjo possibilities ^TEP and ETU processes 
are suggested for the population of E levels and are 
shox\rn in Pig. 5.12. Some possible ion-pair transitions in 
ETU process are shown in Table 5.8. The possible energy 
level matchings in STEP process are shown in Table 5.9. Tt 
is seen from Table 5.9 that the exciting vjavelengths at 
5793. 5 i (17259 cm"^) and 5789. 5 i (17270 cm“^) are resonant 




(a) (b) I 

Fig. 542 Two proba ble mechanisims for the production of upi 
converted fluorescence (a) The ETU process in which 
two excitations on nearby ions annihilate each othe 
leaving one ion in a higher excited state and the oti 
in a lower state The dashed line allows represent 
transitions caused by inter'-ionic coupling. 

(b) The STEP process in which two sequential excitatid 



Table 5.8 
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Possible Energy Ifetchings for ETU Process 
(D+Y - Z+E) 

Initial Levels Pinal levels Energy mismatch 

(L+Y) (Z+E) (phonon) cm”^ 


1)2(17315) +Y^(1378) = Z^(0) + E2(19235)+58 
1^(17304) + Y^(1978) = Z2(45)+ ^2(19237) 
1)2(17315) + Y3_(1978) = 2^(45)+ 13(19248) 
1^(17304) +Y3_(1978) = Z3(136)+E3_(19146) 
12(17315) + Y^(1978) = Z3 (136 )+E^ (19157) 
12(17315) +Y2 (2037) = Zj_(0) + E^(l9323)+29 
1^(17304) + 12(2037) = 12 ^ A 5 )+ E 2 ( 19235)+61 
1^(17304) +Y2(2037) = 23(136) +1^(19147) +58 


58 

(Resonant) 

- (Resonant) 

- (Resonant) 
6 (Resonant) 

29 

61 

58 


Table 5.9 

Possible Energy Matchings for STEP Process 
(Z-1 ,• Y-E) 


Excitation 

Wavelength 

Wavenumber 

(om-l) 

Z - 

1 

Y 

E 

5774.7 

17312 


“2 

Y3_+3'3r- 

B. .. 

4 

5778.4 

17301 

- 

% 

Y - 

E,+ 28 
3 

5789.5 

17268 

^2- 

^2 

Y - 

Y 

5793.5 

17256 

Z2- 


Y - 

Y 
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with Z ~^D as well as T— transitions. 

5* Ene rgy up-converted fluorescence from 1 multinlet 

On exciting the D multiplet resonantly 
using 5774.7 S (17312 cm”^) laser line, fluorescence is 
observed from 1 multiplet at room and liquid nitrogen 
temperatures. 'The observed fluorescence falls in the 
region 3539-7472 S. The observed fluorescence groups termini 
in Z,Y,R, S, A and B multiplets and some of the groups are 
shown in Eig. 5.13-5.15. Excitation spectra have been 
recorded for 3798 , 6348 , 6821? and 7472 £ transitions 
which contain peaks corresponding to the transitions from I 
and Z^ to and D 2 levels. The excitation spectrum of I 
3801.6 S is shown in Pig. 5.16. The 1 levels are populated 
in one (or more) of the following ways, (l) ‘Two photons 
may be absorbed simultaneousljr exciting the ion to P ; 

multiplet. Subsequently, L levels cs-ie populated by cascade ; 
deca-jT- or by ion- pair decay. ( 2 ) An ion in the excited D ! 
level may relax immediately to R level, which, then is 

picked up by another photon of the same pulse to 1 levels j 

(step). ( 3 ) Two nearby excited ions, one in the B level. 1 
and the other in the R level undergo an energy transfer | 

interaction leaving one ion in a higher excited L level ; 

and the other in the ground Z level (ETU). Two photons 1 

are involved in the above mentioned three processes. Theref Oj 














Ex, -^5774^.7 A 







O'lzes 
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the fluorescence intensity from I levels will show 
quadratic dependance on the pump power*^ in every case. 

So, the above mentioned experiment (fluorescence intensity 
versus flux) is not suitable to find the exact process. 

The only way is to measure the delay (or rise) and decay 
times of the 1 fluorescence for various concentrations 
of nd ion. At room temperature delay times of the 
induced 1 fluorescence fall in the region 16- .4 ^sec. 
for the concentrations used (O.l percent, 0,5 percent, 2.0 
percent and 5.0 percent of hd^"^) and the decay times vax-ied i 
from 20 psecs to 8 psecs (Table 5.10)and are plotted in | 
fig. 5.17. iimong the three possibilities in populating the 
L levels the first one is very complicated. If the ions 
were to be excited to P multiplet and then consequently 
populated 1 levels by cascade decajr only, the delay time 
should not vary with concentration. But if the ion from 
P multiplot were to decay to L level by ion-pair | 

relaxation, then 1 fluorescence would be too weak to be ; 
observed under the exciting pump power. But experimentally I 
reasonably intense fluorescence is observed from L levels | 
which is comparable to that of E levels. Based on this, 
the first process is eliminated. If the STEP process is thej 
only mechanism, then L level decay times should be same 

o’' Basv)!’ on limiting steady state equations Zalucha et al I 
found that the intensity of the induced fluorescence, x-iill 
linear in flux and concentration if the ETU processes is | 
most important path f or the depopulation of , the lower 
(interacting) levels otherwise (ETU process is slow) it wi 
be quadratic in flux and concentration. i 



O t 
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Table 5.10 

Delay and Decay Times of 1 levels Measured at 
Room Temperature 


Ooncentration of 
Rd^ percent 
by weight 

Measured 

Delay time 
(txsec) 

time 

Decay 

(iJ-sec) 

time 

0.1 

16+ 0.8 

20 ± 

1.0 

0.5 

10 ± 0.5 

20 ± 

1.0 

2.0 

6 + 0. 4 

19 ± 

1.0 

5.0 

4+ 0.2 

S i 

0.4 
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as those measured by exciting the levels resonantly. 

And more over there should not be any delay time because 
the pulse width of the exciting laser line is in nanoseconds. 
The fact that the delay time decreased from 16 psecs to 
4 tisecs clearly rules out the STEP process. So, BTU process 
is the only way that can populate the I levels. ETU process : 
can explain the observed delay and decay times times of the 
induced L level fluorescence. This |)^ocess is designated 
as, D + E — -> L + Z and is depicted in Pig. 5.18. Under this 
mechanism of population the induced I level decay times 
depend on the intrinsic decay times of the D and R levels. 
Energy transfer interaction between ions in I) and S levels 
causes the population of 1 levels even after the laser exci- | 
tation has been turned off. 3o, there exists a delay (or ris 
time for the induced L fluorescence. As the concentration 
of Ud^"^ is increased, the interaction'^ between the ions 
is strengthened and hence the delajr (or rise) time of the 
induced L fluorescence decreases. This argument supports 
the ETU process in populating the 1 levels. BTU process 
can be explained as due to interaction among three ions 
also. In this process two ions in D and Pi levels may 
interact with a third ion in the ground level, Z such that 
ions which are initially excited will be left in the ground 
levels, (Z), and the initially unexcited ion in L levels. 

cp Energy transf er phenomena are discussed in detail in 
introductory chapter. 




ETU process. An ion relaxes from D level to R level 
Then two excitations on nearby ions in D and R leve 
annihilate each other leaving one ion in a higher ex' 
state (L) and the qthfij Ih a lower state^^T^^^^ 



Table 5.11 
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Energy Combinations for ETU Process 
(IH-H - Z+1) 


Initial levels Pinal levels Energy mismatch 

(phonon) 


D(17304) 

+ R(11592}= Z( 500) +1(28371} +25 

25 


" = Z(500)+L(28340)+56 

56 


” = Z(296)+L(28544)+56 

56 


” = Z(136)+L(285 25)+235 

235 


” = Z(136)+L(28544)+216 

216 


" = Z(45) +L(28823)+26 

28 


” = Z(0) +L(28544)+352 

352 

D(17315)+ 

■ a(ll592) = Z(296)+I(28525)+86 

86 


'' = Z(136)+L(28544)+227 

227 


" = Z(45) +I(28525)+337 

337 


" = Z(45) +L(2S544)+318 

318 


' ' = Z(0) + L(28823)+84 

84 

D(17304) 

+ il(ll634)= Z(500)+L(28340)+98 

98 


’• = Z( 296)+L(28544)+98 

98 


'' = Z(136)+L(28544)+258 

258 


= Z(45) +L(28 5 44)+349 

349 


' ' = Z(0) + L (28938) 

- 

D(17315) 

+ R(11634)= Z(500)+L( 28371) +78 

78 


= Z( 29 6) +1(285 44) +109 

109 


•’ = 2(136 ) +1(285 44 ) + 269 

269 


•' = 2(45) +1(28823) +81 

81 


•» = 2(0) +L(28823)+126 

126 


Table 5.12 
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Energy Combinations for ETU Process 


Down Transitions TJp Transitions Energy mis mat ci 

(D-2, H-Z) (Z-1) (phonon) 


D(17504) 

E(11592) 

Z(45) i 
z(o) i 

L( 28823) + 28 

28 ( 

D(17515) 

R(11592) 

Z( 136 )| 

Z(296)ii 2(45) 

1(28525) 


D(17315) 

R(11592) 

Z(45) 5 
z(o) 5 ^^45) 

1(283 23) + 84 

84 

D(17315) 

R(11592) 

Z(136)5 

2 ( 0 ) jj ^(45) 

1(28823) 

7 

D(17315) 

R(ll592) 

Z( 296 )| 7 ( 0 ) 
Z(45) 5 

1(28544) + 22 

22 

D(17304) 

11(11592) 

Z(500)i 7 /.^ 

z( 0 ) f 

1(28371) + 25. 

25 

D(17315) 

R(11592) 

Z(136)$ 7 /.>) . 
Z(500)iS 

25 1(23295) 

-25 

D(17315) 

R(11592) 

Z(296)j 7 /pN , 
Z(296)1 + 

25 1 ( 28340 ) 

- 
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Some possible ion- pair transitions are given in Tables 
5.11 and. 5.12. 

^ • -Rate equation model 

Tlie population of the induced L level 
is estimated from the populations of D and R levels in 
the following wa3;. let Rg_(t), i\j^(t), R^(t), and 
represent respectively the populations of the ground, R, 

D, and L levels at time t; Tj^ and be the total 

intrinsic or ’natural’ decay times j the rate constant 

of the initial state D to the final state R and <jy the 
rate constant for the ETU process. Also, assume that at 
time t = 0, only D level is populated since the pulse 
duration is very much less than the relaxation time and 
the 'off' period is much longer than the relaxation times. 

The lowest order rate equations which can 
describe excited-state annihilation f or pulsed excitation, 
are given by 

dt 

dt 

dt 


'D 




(5.1) 


E 


R 


'R 




(5.2) 


+ cr^ Ejj Ej^ 


(5.3) 
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In deriving the above equations it is assumed "the 


population of 

levels 

D and 

R is not Bignif iC 3 .nt hy the 

decay from 1 

level, 

. Also, 

assume that 


‘’u 

v / 1 



(5.4) 




‘^u “d 

''e « 



(5.5) 



The rate equations can he written as 


dHj, 




(5.6) 

dt 








(5.7) 

dt 



Ml 




(5.8) 

dt 

= Oy 

®E “e - 



At this stage it is important to note that the laser is ! 
on for a time which is much less than the relaxation times ; 
of the levels involved. So at time t = 0 5 irj^(0)= = 
and ^ 0. Solution of equation 5.6 (populatixJn of D; 
level) oan he written as 


[^(t) = jyo) e”^/'^' 


’!> (5.9) 

Substituting the value of hjj(t) in equation 5.7 and 
solving it for Nj^(t), it gives. 


I' 
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•t /t 


D 


- 1 /X-n 

e ' R 


(5.10) 




D 


The product of equations 5.9 and 5.10 is 


Rj^(t)R^(t} = 


*^I1R 

1 ^ ' 1 

X “ 


, _2t 

i e '^D — e 


(~-i_ 

^R 


R 


'B 


+ -^)t 

- ‘'R 


(5.11) 


Substituting the value of R^( t)Rj^( t) in equations 5.8 
and solving it for Nj^(t) it givesj 




—1 -1 -1 -1 ' r ”^- 

V " V \ ” 2t/ -^D ^R 


4- 



- 


-t/r-, 





(5.12) 


Equation 5.12 represents delayed emission from state 
under pulsed excitation of D level. Eor simultaneous and i 
sequential two-photon excitation, state h would have had | 
single exponential decay with time constant x.^. We now consi 
the following limiting cases to have a direct physical 
insight into the actual situation thou^ these are not 
rigorously valid. 
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Assume x^^ and for t > x^ 

“** "fe f T7 

ff^(t) = lyo) e . ^ 

And 

-t/Xp 

J%(t) = W^(0) xj^ e 


(5.9) 


(5.13) 


The second term in equation 5.10, is much smaller 
and hence neglected. 


a'^(t)Nj^(t) = 0 ^ (0) x^ e 


t(-^ + ) 


'^DR Xjj e I) 


(5.14) 


Then the solution of equation 5.8 is 


= 




•t /'i 


i e 


■''d 


•tAj. ‘N 


(5.15) 


Case (i) ; Say '^d equation 5.15 "becomes 


( t ) 


' -1 A-i 


-t /x 


e 


D 


( 5 . 16 ) 


'^D ^1 


This implies that the state L decays with the time 
constant x^^. This type of situation has "been encountered 
"by Partlow [3j and Zalucha et al [3J. 
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Oase(ii) ; Say iiow equation 5.15 becomes 


iVt) 




-t/T, 


(5.17) 


That is the state L decays with its time constant. 


Case (iii) : Say '’'l'/ 5 this case equation 5.15 

retains both the terms 








- e 


D 


(5.15) 


Equation 5.15 represents a case in which there will be 
some delay which depends on and and which decays 

with the time constant T The measured delay and decay 

times of L level fluorescence support this case. The 
fact that the induced decay times are approximately of the same 
magnitude as if measured intrinsicallj^ [l6] and that 
the delay times are less than the decay times suggests that 
the decay time of D level is less than that of E level. 


Equation 5.12 or 5.15 shows that the 1 level 

population, I'T^(t) is proportional to square of the population 

of D level, (O). But the D level population itself 

is proportional to the intensity of the exciting laser. This 

sho>;s that the L level population and hence its fluorescence 

will show quadratic dependance on incident pump power. 

ffi"'*Eqn.'5ri5 actually indicates that the decay time should _ 

^ aSeni upSn bothUj, and Tj,. but the oxperlKntal -Talue as 

•ko /-s. o “v*! tr omiffil i^n a 
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The above mathematical treatment and the 
measured delay and decay times of 1 fluorescence clearly 
support the Energ3r transfer up~conversion (ETU) process 
in populating the 1 levels when D levels are resonantly 
excited. 

5. 3 Conclusion 

It has been observed that the E levels are 
populated by ion-pair relaxation of the type, D(l) + Z(2)-^ 
R(l) + ¥(2). The S levels, whose fluorescence is observed 
only at room temperature are found to be populated due 
to thermal contribution from R levels. Two processes, 

STEP and ETU have been suggested for the population 
of E levels. Prom the measured delay and decay times 
of 1 fluorescence it has been concluded that these levels 
are populated by energjr transfer interaction between two 
ions, one in D and the other in R levels. A rate 
equation model has been developed for the population of 
L levels which could explain the delayed emission from 


these levels. 
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